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I. INTRODUCTION 
A. Rhizobium Microbiology 
1. Taxonomy 
Bacteria belonging to the family Rhizobiaceae, according to Bergy's 
Manual of Determinative Bacteriology, eighth edition (Buchanan and 
Gibbons, 1974), are gram-negative, nonsporeforming, aerobic rods. There 
are two genera: Agrobacterium, most of the species of which induce 
organized or unorganized tumors on dicotyledonous plants, and Rhizobium, 
the species of which are capable of biological nitrogen fixation and live 
in symbiotic association with legume plants, residing in nodules found on 
the roots of the plants. 
The genus Rhizobium has been classified into two general groups based 
on growth and morphological characteristics (Vincent, 1977). The fast-
growing Rhizobium have a mean generation time of 2-4 hours, acidify 
growth media, and possess 2-6 peritrichous flagella. The Rhizobium slow-
growers have a mean generation time of 8-13 hours, raise the pH of growth 
media, and possess a single polar or subpolar flagellum. The biochemical 
factors responsible for the different growth rates have not yet been 
determined. 
At present, Rhizobium species are classified according to which plant 
they infect (Table 1). Six species are currently recognized, as well as 
a miscellaneous (cowpea) group consisting of both fast- and slow-growing 
strains (Elkan, 1981; Trinick, 1980; Vincent, 1977). Modulation by 
Rhizobium species is limited to legumes, with the exception of four cowpea 
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Table 1. Rhizobium species and their associated host plants 
Rhizobium species Host nodulated 
FAST-GROWERS 
R. leguminosarum 
R. phaseoli 
R. meliloti 
R. tri  folii 
Peas (Pisum, Lens, Lathyrus, Vicia) 
Beans (Phaseolus) 
Alfalfa (Melilotus, Medicago, Trigonella) 
Clover (Trifolium) 
SLOW-GROWERS 
R. japonicum 
R. lupini 
R. "species" 
Soybeans (Glysine) 
Lupins (Lupinus, Ornithopus) 
Peanuts, mungbeans, cowpeas, etc. 
3 
strains which will infect and effectively nodulate nonleguminous plants 
of the genus Parasponia (Akkermans, et al. ,  1978; Cen, et al. ,  1982; 
Trinick, 1973). Because of widespread cross-infection, where plants from 
one affinity group are nodulated by Rhizobium from another group, the 
present system of classification is considered to be only tentative 
(Elkan, 1981; Graham, 1976). Every species of Rhizobium has been shown 
to be capable of cross-infection to some degree, making the present 
designation of species inadequate. 
The relationship between species of fast- and slow-growing Rhizobium 
is uncertain. DeCleene and DeLey (1965) found differences in the base 
compositions of pure DNA from various species, with the slow-growers 
having a higher G-C content (62.8-65.5%) than the fast-growers (58.6-
63.1%). Graham (1964) distinguished three broad serological groups 
within the genus, with group 1 consisting of the fast-growing species 
R. tri  foli i ,  R. lequminosarum, and R. phaseoli,  group 2 consisting of 
R. meliloti,  and group 3 containing the slow-growing R^. japonicum and 
lupini. Both serological studies (Graham, 1964) and DNA base compo­
sition determinations (DeLey, et al. ,  1966) have demonstrated that the 
species in groups 1 and 2 are closely related to bacteria of the genus 
Aqrobacterium, but not to group 3 Rhizobium. Similarly, protein analysis 
by two-dimensional electrophoresis (Roberts, et al. ,  1980) has indicated 
that the Rhizobium fast-growers are quite distinct from the slow-growers. 
Norris (1965) suggested that the slow-growing species, which primarily 
nodulate tropical legumes, are ancestral forms which gave rise ultimately 
to the fast-growing species associated with temperate-zone legumes. In 
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contrast, Graham (1964) considered the differences between the two groups 
too great to be due to evolutionary divergence and suggested a new genus, 
the Phytomyxa, be created for the slow-growers. Recently, i t  has been 
formally proposed that the slow-growing species be transferred to a new 
genus, the Bradyrhizobium (Greek adjective bradas: slow) (Jordan, 1982). 
This separation of the two groups is based on a review of studies in­
volving numerical taxonomy, DNA base ratio determinations, nucleic acid 
hybridizations, serology, composition of extracellular gum, carbohydrate 
metabolism, protein composition, bacteriophage and antibiotic sensitivi­
ties, and types of inclusion bodies in the bacteroid forms. Because this 
nomenclature has not yet come into common usage, the current nomenclature, 
1.e. Rhizobium, will be used for both fast- and slow-growing species. 
Recently, new strains of fast-growing R. japonicum have been dis­
covered in China (Keyser, et al. ,  1981). These strains form ineffective 
nodules on coimon commercial cultivars but effectively nodulate a soybean 
cultivar 'Peking' from China and Glycine soya, the ancestor of cultivated 
soybeans. It  has not been determined where these strains fit  into the 
Rhizobium taxonomy, but i t  appears that they are more closely related to 
the fast-growing species than the slow-growing species. 
2. Nitrogen-fixation 
Biological nitrogen fixation is the process in which some bacteria 
and blue-green algae convert atmospheric dinitrogen to anmonia, thereby 
"fixing" inert Ng gas into a form usable by the rest of the biological 
world. The specific reaction Ng + 6e- +6H^—^ ZINHg is catalyzed by the 
enzymes nitrogenase and nitrogenase-reductase (Kennedy, et al. ,  1976; 
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Mortenson and Thorn!ey, 1979). The nitrogenase enzyme complex is found 
in a wide variety of prokaryotic organisms such as anaerobic, aerobic, and 
facultative anaerobic bacteria, photosynthetic bacteria, actinomycetes, 
and blue-green algae (Alexander, 1977; Burris, 1977). No eukaryotic 
organisms have been found with the capacity to reduce dinitrogen. 
In addition to reducing Ng, the enzyme complex will also reduce cer­
tain other triple-bonded compounds such as acetylene, azide, cyanide, and 
6-cyanopurine (MacNeil and Brill,  1978). A method commonly used for de­
termining nitrogenase activity is the acetylene reduction assay, in which 
the reaction SHCeHC + 5e- + 5H^—)3H2C=CH2 is catalyzed. This is a 
simple and sensitive technique which requires only the use of a gas 
chromatograph. Other methods are available for directly measuring the 
1 A 
conversion of Ng to NHg which require the use of N and a mass spectrom­
eter; however, the acetylene reduction assay is simpler, less expensive, 
and more widely used (Alexander, 1977; Halliday and Pate, 1976; Hardy, et 
al. ,  1973; Keister, 1975; Kurtz and LaRue, 1975; McComb, et al. ,  1975; 
Pagan, et al. ,  1975). However, i t  is necessary to take into account that 
if the amount of required for fixation in the two reactions is made 
equal, a ratio of SCgHgilNg fixed is obtained. This ratio must be con­
sidered when converting acetylene reduction activity to dinitrogen re­
duction activity. 
An interesting distinction between the Rhizobium fast-growers and 
slow-growers is their respective ability to reduce acetylene in vitro. 
In slow-growing species such as japonicum. nitrogenase activity can be 
detected in free-living culture, independent of the host plant. However, 
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the media must contain specific carbon sources and a reduced oxygen 
tension (Keister, 1975; Kurtz and LaRue, 1975; McComb, et al. ,  1975; 
Pagan, et al. ,  1975). In fast-growing species, on the other hand, no 
nitrogenase activity can be detected in the absence of the host plant. 
Nitrogenases from all sources catalyze an ATP-dependent Hg evolution 
(Burris, 1977; Maier, et al. ,  1978; Schubert and Evans, 1976). The reac­
tion is apparently an inherent property of normal nitrogenase activity. 
Regardless of whether or Ng is the electron acceptor, approximately 
four molecules of ATP are consumed per pair of electrons transferred 
(Burris, 1977); thus, a considerable amount of energy is lost through K2 
evolution. Schubert and Evans (1976) reported that the loss of ATP and 
reducing power by nitrogenase-catalyzed Hg evolution may be as high as 
40-60% of the total energy flow through nitrogenase. 
Certain strains of fast- and slow-growing Rhizobium possess an Hg 
uptake system which is capable of recycling the produced by the nitro­
genase reaction (Brewin, et al. ,  1980; Carter, et al. ,  1978; Evans, et 
al. ,  1977). The oxidation of the recovered Hg can be used to provide ATP 
for nitrogen-fixation (Dixon, 1972; Lepo, et al. ,  1981). Rhizobium 
strains with an active H^-uptake system (Hup^) possess a membrane-bound 
hydrogenase and have been shown to be superior in their Ng-fixation 
ability over H^-evolving strains (Albrecht, et al. ,  1979; Lim, et al. ,  
1980; Maier, et al. ,  1978). Similarly, soybean and mungbean plants 
associated with Hup* Rhizobium strains showed higher N-content, protein 
content, and dry weight than those associated with Hup" strains (Carter, 
et al. ,  1978; Hanus, et al, ,  1981; Zablotowicz, et al. ,  1980). Because 
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Hg recycling has been detected in relatively few strains of Rhizobium, i t  
would be advantageous to examine and select strains which possess an 
active Hup system for use as symbionts with agriculturally important 
crops such as soybeans. 
3. Symbiosis 
Three types of nitrogen-fixing bacteria have evolved symbiotic asso­
ciations with higher plants (Shanmugam, et al. ,  1978; Vincent, 1977). 
Rhizobium spp., which infect legumes, Frankia spp., an actinomycete asso­
ciated with Alnus spp., and several species of blue-green algae (i .e.,  
Anabaena spp., associated with water ferns of the genus Azolla). Of 
these, the Rhizobium-legume symbiosis is the most extensively studied and 
has the greatest agronomic importance. 
The symbiotic association of Rhizobium with legumes results in the 
development of a specialized structure, the root nodule, in which the 
bacteria reside and reduce atmospheric dinitrogen to amonia (for review, 
see nswcomb, 19S1; Shanmugam, et al. ,  1978; Vincent, 1977). The fixed 
nitrogen is excreted into the nodule cytoplasm and assimilated by the 
host plant (for review, see Imsande, 1981). During nodule development, 
both the bacteria and plant cells undergo considerable biochemical and 
morphological changes. In the root nodule, the bacteria are compart­
mentalized within membrane envelopes derived from host-cell plasma mem­
brane (Bal, et al. ,  1980; Bergenson, 1974). The nodule itself consists 
of a central core containing the Rhizobium cells and a surrounding 
cortical area containing the plant vascular system. Interestingly, the 
plant cells within the central core contain twice the chromosome number 
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characteristic of the host plant (Newcomb, 1981). In order to be effec­
tive (capable of Ng-fixation), the nodule must contain leghemoglobin, the 
heme portion of which is of bacterial origin and the globin portion of 
which is of host origin (Sutton, et al. ,  1981; Verma, 1980). The purpose 
of leghemoglobin apparently is to maintain a low oxygen-tension within 
the nodule to prevent the inactivation of nitrogenase by oxygen 
(Wittenberg, 1980), 
The bacteria found within nodules appear as swollen, irregular 
shapes, a cellular form which has been termed bacteroid. Bacteroids 
differ in morphology between species and strains of Rhizobium (Sutton, 
et al. ,  1981). Increased osmotic sensitivity and changes in cell wall 
structure are traits commonly associated with Rhizobium bacteroids. 
Van Brussell,  et al.  (1977) found that bacteroids of leguminosarum 
were more sensitive to the action of lysozyme, several detergents, and 
alkaline conditions during osmotic lysis than were free-living bacteria. 
In addition, the bacteroids were found to have a lower polysaccharide con­
tent in their cell walls. Bacteroids isolated from a wide range of 
legume species have been shown to be more sensitive to osmotic and deter­
gent lysis than their free-living counterparts (Sutton and Patterson, 
1980; Sutton, et al. ,  1981). Bal, et al.  (1980) reported that in R. 
japonicum, fragments of the outer membrane of the bacterial cell wall were 
apparently sloughed off during the transformation of bacteria into bac­
teroids. It  has been suggested that bacteroid development may involve an 
interference in the normal synthesis of the Rhizobium cell wall,  probably 
similar to that which occurs when bacteria are exposed to penicillin 
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(Jordan, 1962). A biological role for these cell wall modifications has 
yet to be determined. 
The world food crops can be divided into two major groups, the cereal 
grains (i .e.,  wheat, corn, rice) and the leguminous crops (i .e.,  soybeans, 
alfalfa). While the cereal grains require industrially produced nitrogen 
fertilizer, the legumes need only depend on their associated Rhizobium 
symbiont to provide the necessary nitrogen (for review, see Peterson and 
Loynachan, 1981). The increasing cost of nitrogen fertilizer, which re­
quires petroleum products as starting material, has made i t  necessary to 
develop new methods of providing nitrogen to food crops. The eventual 
goal of Rhizobium research is to engineer and select for new and/or more 
efficient plant-bacteria symbioses. This will require extensive research 
into all aspects of Rhizobium-plant interactions. It  is especially 
important to improve our limited knowledge in the genetics, biochemistry, 
and molecular biology of both the macro and microsymbiont. The goal of 
the project described here was to initiate a study in the genetics of 
the slow-growing Rhizobium japonicum. 
B. Rhizobium Genetics 
Genetic studies with any organism require that strains be isolated 
which carry mutations suitable for use as genetic markers. It  is also 
necessary to have available methods for exchanging genetic information be­
tween these strains. For fast-growing species of Rhizobium, these re­
quirements have been achieved; the techniques necessary for inducing muta­
tions and mapping them are available. Unfortunately, with the slow-
growing species i t  is very difficult to apply the techniques of bacterial 
I 
I 
I 
I 
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genetic analysis. 
Fast-growing Rhizobium species have been shown to be very susceptible 
to mutagenesis by procedures involving treatments with radiation, 
chemicals, and transposons (Beringer, 1981; Beringer, et al. ,  1980; 
Kondorosi and Johnston, 1981; Kondorosi, et al. ,  1977; Meade and Signer, 
1977). For R. leguminosarum and R. meliloti,  the auxotrophic mutants 
most frequently isolated by N-methyl-N'-nitro'N'nitrosoguanidine (NTG) or 
nitrous acid treatment were Pur", Trp", Cys~, and Met" (Kondorosi and 
Johnston, 1981). Interestingly, no mutants have been isolated with nutri­
tional requirements for Ala, Asn, Asp, Horn, l ie. Lys, Pro, Thr, or Val. 
Recently, transposon mutagenesis has been used to isolate mutants in 
amino acid synthesis, carbohydrate metabolism, and symbiosis with host 
plants in the fast growers (Beringer, et al. ,  1978a; Duncan, 1981; Meade, 
et al. ,  1982; Rolfe, et al. ,  1980, 1981). Transposon mutagenesis relies 
on the fact that resistance plasmids of the PI incompatibility group can 
be transferred by conjugation to several Rhizobium species (Kondorosi and 
Johnston, 1981). When Pl-group plasmids have the bacteriophage Mu 
inserted within their genome, they are unable to replicate in certain 
hosts, such as Rhizobium or Agrobacterium (Boucher, et al. ,  1977; 
Van Vliet, et al. ,  1978). Apparently host restriction enzymes and at 
least one Mu gene are involved in the failure of the modified Pl-group 
plasmids to replicate in Rhizobium. Because the plasmid cannot survive 
and the Tn-element cannot replicate itself, stable inheritance of 
transposon-encoded drug resistance can occur only when the element trans­
poses to become inserted into host DNA. This insertion, if i t  occurs 
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within a gene, will result in a mutation. A useful feature of transposon-
induced mutations is that the site of the mutation is marked by the 
presence of an antibiotic resistance (i.e.,  kanamycin resistance in the 
case of Tn5). Transposon-induced mutations can also be located by physi­
cal means such as hybridization to radioactive Tn probes. The plasmid 
pJB4JI is one of these "suicide" plasmids often used to introduce Tn5 
into Rhizobium (Beringer, et al. ,  1978a; Duncan, 1981; Meade, et al. ,  
1982; Rolf, et al. ,  1980, 1981). It  is composed of RP4, phage Mu, and 
Tn5. 
The three major forms of gene transfer used for bacteria, transforma­
tion, transduction, and conjugation, have all been used to some extent 
with Rhizobium. Transformation of antibiotic resistance or auxotrophic 
markers has been reported for tri foli i  (Drozanska and Lorkiewicz, 1978; 
Ellis, et al. ,  1952; Zelazna, 1964) and R. meliloti (Balassa, 1963; 
Szende, et al. ,  1961; Zelazna-Kowalska and Lorkiewicz, 1971). The contri­
bution of these studies to gene mapping and strain construction has not 
been significant (Beringer, 1981; Kondorosi and Johnston, 1981). A po­
tentially more useful application of transformation is for the introduc­
tion of plasmids from unrelated bacteria (i .e.,  cloning vectors or con-
jugative R-plasmids) into Rhizobium. Resistance plasmids from Pseumonomas 
aeruginosa have been introduced by transformation into R. tri  fol i i  
(Dunnican and Tierney, 1973; O'Gara and Dunnican, 1973) and legumino-
sarum (Bullerjahn and Benzinger, 1982). Recently the potential cloning 
vectors pRK248 (Selvarag and Iyer, 1981) and pGVllOS (Kiss and Kalman, 
1982) have been transformed into meliloti.  It  is expected that 
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transformation will be used extensively for the introduction of cloning 
vehicles into fast- and slow-growing strains of Rhizobium. 
Transduction is a useful tool for fine structure mapping in bacteria. 
Unfortunately, i t  has been demonstrated in only a few fast-growing strains 
of Rhizobium (Buchanan-Wollaston, 1979; Kondorosi and Johnston, 1981; 
Kowalska, 1967, 1970; Svab, et al. ,  1978; Zelazna-Kowalska and Kowalska, 
1978). 
Conjugative gene transfer in bacteria can be induced by introducing 
conjugative plasmids into presumptive donor strains. Plasmids of the PI 
incompatibility group can be transferred by conjugation between a wide 
variety of gram-negative species and are capable of promoting the transfer 
of host genes in a manner similar to the coli F-factor (see Holloway, 
1979, for review). P-group R-plasmids such as RP4 and R68.45 have been 
transferred to several Rhizobium species (Beringer, 1974; Datta and 
Hedges, 1972; Datta, et al. ,  1971; Johnston and Beringer, 1978). Circular 
linkage maps have been established for R. meliloti (Casadesus and 
Olivares, 1979; Kondorosi, et al. ,  1977; Meade and Signer, 1977) and for 
R. leguminosarum (Beringer, 1978b) using introduced R-plasmids to mobil­
ize the host chromosome. R-plasmids carrying sections of the Rhizobium 
chromosome (R-primes) have been isolated from a number of strains (Jacob, 
et al. ,  1976; Johnston, et al. ,  1978; Julliot and Boistard, 1979; Kiss, 
et al. ,  1980; Kondorosi, et al. ,  1980). R-primes can be easily trans­
ferred within and between fast-growing Rhizobium species and have proven 
to be very useful for fine structure genetic mapping. However, very 
little analysis of the Rhizobium nitrogen-fixation (nif) genes has been 
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done using these methods. 
An unfortunate aspect of Rhizobium genetics is that very little has 
been accomplished with the slow-growing species; thus for the most part 
studies involving genetic manipulation have been limited to the fast-
growers .  
Early work in R. japonicum genetics by Balassa (1963) and Modi and 
co-workers (Dandekar, et al. ,  1978; Doctor and Modi, 1976a, 1976b; Raina 
and Modi, 1969) described the isolation of several auxotrophic mutants 
and a DNA transformation system similar to that used for Pneumococcus 
and Streptococcus. However, the organisms used for these studies had 
rapid growth rates (<4 hours) very uncharacteristic of japonicum. 
Pilacinski and Schmidt (1981) and Khmelnitsky, et al.  (1981) have recently 
isolated mutants in R. japonicum strains USDA 31 and 3I1B110 auxotrophic 
for histidine, tryptophan, methionine, and pantothenic acid, using NTG 
mutagenesis coupled with penicillin or ampicillin selection. These 
.  strains, some of the few R. japonicum auxotrophic mutants described in the 
literature, also possessed resistance markers for the antibiotics strepto­
mycin or rifampicin. 
A difficulty encountered in isolating antibiotic resistance mutants 
in japonicum is that the species is intrinsically resistant to ex­
tremely high levels of most antibiotics (Cole, 1977; Levin and 
Montgomery, 1974), with several strains showing growth in the presence of 
kanamycin, streptomycin, or tetracycline at concentrations of up to 400 
ug/ml. Resistance to many of these antibiotics is similar to the re­
sistance conferred upon host bacteria by P-group resistance plasmids. 
However, the mechanisms of resistance are not the same (Cole, 1977). For 
example, neomycin-kanamycin resistant strains do not inactivate the anti­
biotic, as occurs in the case of R-plasmid encoded resistance, nor do they 
fail to take up the antibiotic. The basis for this resistance in 
japonicum has not been determined. It  is interesting to note that by 
introducing an R-plasmid into R. japonicum, i t  would be possible to con­
fer upon the bacterium a different basis for antibiotic resistance. In 
spite of these difficulties, resistance markers have proven useful for 
strain identification in field studies (Kremer and Peterson, 1982; Levin 
and Montgomery, 1974) and in genetic studies (Khmelnitski, et al. ,  1981; 
Pilacinski and Schmidt, 1981) of Rhizobium slow-growers. 
Symbiotic mutants, incapable of nodulation (Nod") have been isolated 
in R. japonicum (Maier and Brill,  1976; M. J.  Skogen-Hagenson, Iowa State 
University, Ames, lA, unpublished results). These mutations are valuable 
for studies of nitrogenase expression but have limited use at present as 
genetic markers due to the difficulties involved in selecting and assaying 
large numbers of colonies for modulation and acetylene reduction. 
Gene transfer by any means has been difficult to obtain in Rhizobium 
slow-growers. Kuykendall (1977, 1979) reported the conjugational transfer 
of plasmids R1882 and pRDl (a derivative of RP4) to R. japonicum USDA 110. 
However, he was unable to observe transfer of the plasmid R68.45. 
Although the frequency of plasmid transfer to R= jeponi cum from E. coli 
JC5455(pRDl) or P_. aeroqinosa PA02625(R1882) was extremely low (10~^ to 
10"^), transfer between antibiotic resistant mutants of strain 110 
occurred at frequencies ranging from 10 to 10"^. Pilacinski and Schmidt 
(1981) reported transfer of the plasmids R58.45 and RP4 from E. coli 
donors to R. japom'cum strains USDA 31, USDA 110, and Webster 38. Inter­
estingly, they were unable to transfer either plasmid to strain USDA 138. 
Conjugation of these plasmids between auxotrophic or antibiotic resistant 
mutants of these strains was observed; however attempts at chromosome 
mobilization failed due to an unexplained "killing" phenomenon which 
occurred when different auxotrophic strains were plated together on mini­
mal media. In a similar study Khmelnitsky, et al.  (1981) transferred the 
plasmids R68.45 and RP4 to His" and Trp" auxotrophs of japonicum USDA 
110 at frequencies of approximately 10" to 10' .  In this case, R68.45 
mobilization of the chromosoml histidine marker was observed at a fre­
quency of 1-3x10 but only between R. japonicum strains. Recently, RP4 
and the Tn5-containing "suicide" plasmid pOB4JI were transferred by conju­
gation to four strains of slow-growing "cowpea" rhizobia capable of nodu-
lating the nonleguminous plant Parasponia (Cen, et al. ,  1982). The con­
jugation system, in which donor and recipient bacteria were mixed and 
grown together on conjugation medium, allowed for the transfer of RP4 to 
slow-growing strains at a frequency of 10"^. In addition, symbiotically 
defective and auxotrophic mutants resulting from Tn5 insertions were ob­
tained from the pJB4JI transconjugants. This conjugation method has not 
yet been used with R. japonicum. 
The family Rhizobiaceae contains the genus Agrobacterium as well as 
the genus Rhizobium. All species of Agrobacterium contain large plasmids 
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of molecular weight >10 daltons (Loper and Kado, 1979; Sciaky, et al. ,  
1978; Thomashow, et al. ,  1980; Van Larebeke, et al. ,  1974; Watson, et al. ,  
1975; White and Nester, 1980). The tumor-inducing (Ti) plasmid and hairy 
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root (Hr) plasmids of Agrobacterium have been well-characterized and are 
known to be responsible for virulence and host range specificity. The 
situation in Rhizobium species may be similar. In most fast- and slow-
growing Rhizobium strains examined a wide range of large plasmids have 
been found (Casse, et al. ,  1979; Gross, et al. ,  1979; Nuti, et al. ,  1977; 
Russell and Atherly, 1982). These plasmids range in size from 50 to >200 
megadaltons (Mdal). A great deal of variation has been observed in the 
size and number of plasmids present, even between different isolates of a 
single species. For example, in R. leguminosarum seven field isolates 
were found to each have a unique complement of plasmids, with the number 
of plasmids in each strain ranging from four to six and their sizes rang­
ing from 50 to >200 Mdal (Beringer, et al. ,  1980). A similar situation 
was found for six strains of R. meliloti (Denarie, et al. ,  1981). Out of 
nine strains of slow-growing R. japonicum examined, eight had only one 
plasmid while one strain had two, with their molecular weights ranging 
from 65 to 200 Mdal (Russell and Atherly, 1982). In general, i t  appears 
as though the fast-growing Rhizobium species contain multiple large plas­
mids (reviewed in Denarie, et al. ,  1981). Little is known about mega-
plasmids in japonicum, although preliminary evidence suggests they may 
exist (M. J.  Skogen-Hagenson, Iowa State University, unpublished results). 
Plasmids account for more than 10% of the total DNA of some Rhizobium 
species and possibly carry up to 300 genes. Only a few functions have yet 
been determined for plasmid-encoded genes, and as might be expected, 
these studies have been limited to the fast-growers. The first convincing 
evidence for the presence of host specificity genes on a plasmid came from 
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the work of Johnston, et al.  (1978). R. lequminosarum strain T3, carrying 
a self-transmissible plasmid tagged by a Tn5 transposon, was used as a 
donor in crosses with two R. tri  folii strains and a strain of phaseoli.  
- 2  Transconjugants arose at a frequency of 10" and were all capable of form­
ing nodules on peas in addition to their normal hosts Tri folium and 
Phaseolus, respectively. In a similar study Hooykaas, et al.  (1981) 
transferred a large Tn5-tagged plasmid by conjugation to R. leguminosarum 
and to a plasmidless strain of A. tumefaciens. The R. lequminosarum 
transconjugants could nodulate clover as well as peas, while the A. 
tumefaciens transconjugants were capable of forming ineffective nodules 
on clover. These findings strongly indicate that host specificity deter­
minants are located on plasmids in fast-growing rhizobia. 
It  is possible in some strains of Rhizobium and Agrobacterium to in­
duce deletions or cure plasmids by growing the cells at higher temperature 
(Bomhoff, et al. ,  1976; Prakash, et al. ,  1980; Zurkowski and Lorkiewicz, 
1979). This method has proven useful in determining genetic functions 
located on plasmids. Zurkowski and Lorkiewicz (1978, 1979) incubated 
R. tri  folii cells at 35°C for seven days and recovered strains in which 
both modulation ability and plasmid DNA had been lost. Hooykaas, et al.  
(1981) produced Nod' bacteria when they eliminated a large Tn5-labeled 
plasmid from iR. tri  fol i  i  by heat treatment. Similarly, Casse, et al.  
(1979) and Prakash, et al.  (1980), after heat treatment of 
leguminosarum, obtained nonnodulating mutants that had lost a plasmid. 
Heat treatment is not successful with all strains of Rhizobium, and as yet 
no strain exists that has been totally cured of all its plasmid DNA. 
1 
I 
I 
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Deletions in plasmid DNA, either spontaneous or induced, often lead 
to loss of nodulation ability (Benyon, et al. ,  1980; Prakash, et al. ,  
1980). Chemicals known to cause curing of plasmids in other bacteria, 
such as acridine dyes, have been used with fast- and slow-growing 
Rhizobium and have led to the recovery of Nod' and Nif" strains (Higashi, 
1967; Parijskaya, 1973; Van Rensberg and Strijdom, 1971). The evidence 
to date strongly indicates that most of the genes involved in nodulation 
are located on plasmid DNA in the fast-growing rhizobia. 
Several recent experiments have provided evidence that the nif genes 
are located on extrachromal DNA. Stanley and Dunican (1979), using 
tri folii as a donor, transferred via conjugation the ability to fix nitro­
gen to an avirulent strain of A. tumefaciens lacking a Ti plasmid and to 
a strain of Klebsiella pneumoniae with a deletion in the nif cluster. 
The matings were performed using the R-plasmid RPl to promote the trans­
fers. Transconjugants of the two species expressed the RPl resistance 
markers and could reduce acetylene under proper physiological conditions. 
The authors interpreted these results as indirect evidence that a plasmid 
containing Rhizobium nif genes could be mobilized and transferred to 
other bacterial species. 
A direct physical approach was made possible by the finding that the 
DNA sequences of the structural nif genes were highly conserved among 
various nitrogen-fixing bacteria (Mauzer, et al. ,  1980; Nuti, et al. ,  
1979; Ruvkun and Ausubel, 1980). The procedure utilized recombinant 
plasmids pSA30 and pCMl carrying nif genes isolated from K. pneumoniae 
by Cannon, et al.  (1577, 1979). Plasmid pSA30 carries the nitrogenase 
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structural genes K,D,H, and part of nif E. Plasmid pCMl carries the re­
mainder of the nif genes except nif «3 and part of nif K. These plasmids 
were radioactively labeled and used as probes to hybridize to DMA blotted 
on a nitrocellulose filter using the procedure of Southern (1975). Ruvken 
and Ausubel (1980) discovered that DNA isolated from 19 out of 19 
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nitrogen-fixing prokaryotic species hybridized to a P-labeled pSA30 DNA 
fragment containing the nif structural genes K,D, and H. The other nif 
fragment (from pCMl) did not hybridize. It  was concluded that the ob­
served hybridization was due to the presence of nif genes sharing sequence 
homology with K. pneumonia nif structural genes. Among the organisms 
examined were six Rhizobium species, all of which contained DNA which 
hybridized to the structural gene probe. It  was not determined, however, 
whether this hybridization was to chromosomal or plasmid DNA. 
This same procedure has been used by several workers to demonstrate 
that the nif structural genes are located on large plasmids in fast-growing 
Rhizobium species (Krol, et al. ,  1980; Nuti, et al. ,  1979; Prakash, et 
al. ,  1980, 1981). The nif genes are found on plasmids ranging in size 
from 90 Mdal to megaplasmids of >300 Mdal, depending on the species and 
strain examined. Similarly, the nif genes of the fast-growing 
japonicum strains have been located on plasmid DNA (R. V. Masterson, Iowa 
State University, unpublished results). However, i t  has recently been de­
termined that the nif structural genes of the slow-growing japonicum 
strains 110, 61A76j and 61A24 are not located on plasmid DNA, but are in­
stead found elsewhere in the genome, persumably on chromosomal DNA 
(Haugland and Verma, 1981). Also, R. V. Masterson (Iowa State University, 
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unpublished results) has found by hybridization with a nif KDH probe from 
meliloti that no nrf genes are present on plasmids of eight separate 
strains of slow-growers. 
Several other functions have been located on plasmid DNA in the 
Rhizobium fast-growers using methods similar to those already described. 
These functions include bacteriocin production, bacteriocin repression, 
cell wall polysaccharide, pigment production, transfer functions, incom­
patibility, and hydrogenase (reviewed in Beringer, et al. ,  1980; Denarie, 
et al. ,  1981). As yet no functions have been determined to be present on 
plasmids of the Rhizobium slow-growers. 
It  is possible that some of the difficulties encountered in genetic 
studies with the Rhizobium slow-growers are due to a lack of structural 
stability in the bacterial genome. Recent evidence indicates that the 
genome of R. japonicum is capable of undergoing a spontaneous reorganiza­
tion of i ts plasmid and chromosomal components. Haugland and Verma 
(1981) examined the interspecific homology of DNA sequences in three 
strains of japonicum. Strains 51A76 and 110 showed very l ittle se­
quence homology with each other (24%), while a third strain, 61A24 showed 
moderately high homology with strain 110 (50%). These findings are con­
sistent with those of Mollis, et al.  (1981) who determined that there are 
at least two distinct DNA homology groups within the species R. japonicum. 
While strain 61A76 was found to have one large plasmid and 61A24 was found 
to have two plasmids, no discernible plasmid could be detected in strain 
110. Heterologous hybridizations between plasmid and total DNAs from 
these strains indicated that sequences that were plasmid-borne in one 
strain were located on chromosomal DNA (or on plasmids too large to 
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isolate by the methods used) in the other strains. In addition, the 
organization of the chromosomally located nif structural genes, as 
determined by restriction mapping and hybridizations with the nif probe 
pSA30, was similar in strains 61A24 and 110 but different in strain 
61A75. These findings strongly suggest that genomic reorganizations of 
plasmid and chromosomal DNA sequences have occurred in these japonicum 
strains. 
Cantrell,  et al.  (1982) recently examined several Hup* and Hup" 
strains of japonicum for plasmid content. They discovered two plasmids 
in three spontaneous, nonrevertable Hup" mutants of the Hup' strain SR. 
The parent strain SR did not contain isolatable plasmids. The authors 
concluded from these findings that either a large, Hup-encoding mega-
plasmid had rearranged to five rise to two smaller plasmids, which could 
be isolated by their methods, or the two plasmids were generated from the 
bacterial chromosome. In either event, a structural rearrangement of the 
Rhizobium genome is indicated. 
Indirect evidence for genomic rearrangements in japonicum comes 
from the observation that, with rare exceptions, every strain which has 
been examined has a plasmid or plasmids of a different size (Gross, et 
al. ,  1979; Russell and Atherly, 1982). Also, some strains possess no 
plasmids detectable by methods currently in use (Cantrell,  et al. ,  1982; 
Haugland and Verma, 1981). If genomic rearrangements are common occur­
rences in R. japonicum, then genetic studies with the organism may prove 
difficult until these rearrangements are understood. Some of the findings 
presented in this dissertation further indicate that the genome of 
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R. japonicum is unstable, and that i t  has the ability to reorganize its 
plasmid and chromosomal components. 
C. Dissertation Format 
The goal of this dissertation research was to initiate a study in the 
molecular genetics of Rhizobium japonicum, the nitrogen-fixing bacterium 
associated with soybean plants. Toward this end, a method for intro­
ducing foreign plasmid DNA into the organism was developed. Methods of 
gene transfer commonly used with other bacterial species are difficult to 
apply to the Rhizobium slow-growers. For this reason, a novel method of 
introducing plasmid DNA by spheroplast transformation was developed. The 
development, use, and subsequent analysis of the transformation system 
involved several stages. Consequently, this dissertation has been 
organized into four separate sections. Each section is an integral part 
of the entire study and, while a short discussion accompanies each sec­
tion, they are discussed in toto at the end of the dissertation. 
The first section descriucs the formation of R. japonicum sphero-
plasts. In general, the formation of bacterial spheroplasts or proto­
plasts involves the enzymatic removal of the cell wall,  usually in the 
presence of an osmotic stabilizer such as sucrose. The method of cell 
wall removal described here is based on the observation that R. japonicum 
cells become sensitive to the action of lysozyme after 24 hours growth in 
the presence of glycine. Normally, these cells are resistant to lysozyme. 
The stages involved in cell removal were examined by scanning electron 
microscopy and comparisons were made of R. japonicum spheroplasts and 
bacteroids found in the root nodules of soybeans. Methods for inducing 
I 
I 
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cell wall regeneration are also described. 
Section two describes the transformation of R. japonicum spheroplasts 
with plasmid DNA and the subsequent genetic analysis of the transformant 
strains. A number of criteria were used to establish that the transform-
ants had been derived from the parent R. japonicum strains, including 
serological test,  acetylene reduction rates, growth rates, and nodulation 
ability. Similarly, several experiments were done to establish that the 
transformants possessed the genetic markers encoded by the introduced 
plasmid DNA, including screening for antibiotic resistance, phage sensi­
tivity, and conjugation ability. Additional genetic experiments, such as 
attempts to isolate mutations suitable for use as genetic markers, are 
described in this section. 
The third section is concerned with a comparison of genomic structure 
in the transformant and parental strains. Agarose gel electrophoresis, 
restriction enzyme analysis, and DNA hybridization studies indicated that 
many of the transformant strains had undergone extensive genomic re­
arrangements, possibly in response to the introduction of the foreign 
plasmid DNA. Evidence presented in this section indicates that the R. 
japonicum genome is capable of undergoing structural reorganization 
The final section presents some comparisons of the three japonicum 
strains which were used in this study. During the course of this re­
search some intriguing data emerged concerning the relatedness of strains 
51A76, USDA 31, and 3I1B110. Data presented in this section are discussed 
in terms of possible genomic reorganizations within and between strains of 
R. japonicum. 
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The research presented in this dissertation represents an initial 
step towards the development of a genetic system for japonicum. A 
number of questions have been left unanswered, and there is still  a con­
siderable amount of work left to be done in this area. It  is hoped that 
the methodology, data, and conclusions presented here will have contrib­
uted to a better understanding of the genetics of R. japonicum, and that 
they will be used as a basis for future work with this unique and 
agronomically important microorganism. 
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II. SPHEROPLASTS OF RHIZOBIUM JAPONICUM 
A. Introduction 
Bacterial cells without cell walls have been known for a number of 
years. They can occur naturally or can be induced artificially. The term 
'protoplast '  has been borrowed from the botanical vocabulary where i t  is 
used to distinguish the living content of a plant cell from its lifeless 
cellulose wall. Isolated plant protoplasts have been used extensively in 
plant tissue culture research (for review, see Gamborg and Miller, 1973; 
Cove, 1979). In bacteria, 'protoplast '  refers to a gram-positive organism 
after the complete removal of i ts cell wall (Lederberg and St. Clair, 
1958; Peberdy, 1980; Weiss, 1978). 'Spheroplast '  is used to describe a 
gram-negative organism which still  retains remnants of i ts cell wall.  
Gram-negative bacteria possess an outer cell membrane, external to the 
peptidoglycan layer, which is difficult to remove from spheroplasts 
(DiRienzo, et al. ,  1978; Weiss, 1978). Either i t  surrounds the cell or i t  
peels back) exposing the cell surface membrane. In either case, i t  re­
mains associated with the spheroplasts, making i t  difficult to remove the 
entire wall. 'L-forms' are bacteria which have lost some or all of their 
cell wall due to a hereditary defect in cell wall synthesis or maintenance 
(Landman, et al. ,  1958). 
The formation of bacterial protoplasts or spheroplasts involves the 
removal of the cell wall,  usually in the presence of an osmotic stabilizer 
such as sucrose. Gram-positive organisms such as Bacillus megaterium, 
B^. subtil is,  or Staphylococcus aureus are easily converted to protoplasts 
using the cell wall degrading enzymes lysozyme or lysostaphin (Hadlaczky, 
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et al. ,  1976; Novick, et al. ,  1980; Schaeffer, et al. ,  1976; Weibull,  
1953; Wyrick and Rogers, 1973). These protoplasts retain the ability 
to grow and divide in liquid media (Fitz-James, 1958; Kusaka, 1967; 
McQuellen, 1955). Furthermore, they are capable of regenerating their 
cell walls in liquid media or in a soft-agar overlay (Hadlaczky, et al. ,  
1976; Landman, et al. ,  1958; Miller, et al. ,  1968; Novick, et al. ,  1980; 
Wyrick and Rogers, 1973). Spheroplast isolation from gram-negative organ­
isms is more difficult due to the more complex cell wall of these bacteria. 
Jeynes (1957) produced spheroplasts of gram-negative Vibro spp. and 
Salmonella spp. by culturing cells in the presence of glycine. The sphero­
plasts were capable of division and regeneration in hypertonic liquid 
medium. Spheroplasts of E. coli and Proteus mirabilis have been isolated 
by treating the cells with penicillin in the presence of 10-20% sucrose 
(Altenbern, 1963; Landman, et al. ,  1958; Lederberg, 1956; Lederberg and 
St. Clair, 1958). A procedure involving treatment with lysozyme-EDTA has 
been developed for use with £. coli,  mirabilis, and Providence 
alcalifaciens (Kroll,  et al. ,  1980; Van Rensberg, 1969; Weiss, 1978). 
Coetzee, et al.  (1979) recently used a combination of glycine and lysozyme-
EDTA to form spheroplasts of 2- alcalifaciens. These spheroplasts could 
be regenerated to cells at a low frequency (0.1%) in a soft-agar overlay. 
Methods are presented here for the formation and regeneration of 
spheroplasts of japonicum. This method of spheroplast formation is 
based on the observation that R. japonicum cells become sensitive to the 
action of lysozyme after 24 hours growth in the presence of glycine. 
Ordinarily these bacteria are extremely resistant to substances normally 
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used to remove cell walls such as lysozyme or penicillin. 
Increased osmotic sensitivity and changes in cell wall structure are 
traits cotrenonly associated with Rhizobium bacteroids found in the root 
nodules of legume plants (Sutton, et al. ,  1981). These are also character­
istics of bacterial spheroplasts (Hopwood, 1981; Peberdy, 1980; Weiss, 
1978). For this reason, some comparisons are presented of japonicum 
spheroplasts and the bacteroids found in the root nodules of soybean 
plants. 
B. Materials and Methods 
1. Bacterial strains 
R. japonicum strains 61A76, USDA 31, and 110 were obtained from W. 
Brill (University of Wisconsin, Madison, WI), E. Schmidt (University of 
Minnesota, St. Paul, MN), and T. Loynachan (Iowa State University, Ames, 
lA), respectively. 
2. Media 
YS-14 medium was developed in order to form spheroplasts and provide 
osmotic stability. Based on the yeast-mannitol medium of Vincent (1970), 
i t  contained in grams/liter, KgnPO^, 0.5; MgS0^'7H2u, 0.2; NaCl, 0.2; 
yeast extract (Difco), 1.0; FeSO^yGHgO, 0.005. Separately autoclaved 
sucrose was added to a final concentration of 14% (w/v). 
YM medium was that of Vincent (1970) and contained in grams/liter, 
Mannitol, 10; KgHPO^, 0.5; MgS0^-7H20; 0.2; NaCl, 0.2; yeast extract, 1.0; 
FeSOg-GHgO, 0.006. TY medium was that of Beringer (1974) and contained in 
grams/liter tryptone (Difco), 5.0; yeast extract, 3.0; CaClg'oHgO, 1.3. 
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Cycloheximide (Sigma) was routinely added to all media at a concentra­
tion of 250 ug/ml to avoid fungal contamination. 
3. Preparation of spheroplasts 
g 
Cells were grown in TY medium to 2x10 cells/ml. They were pelleted 
and resuspended in YS-14 medium which contained 300 ug/ml (0.03%) glycine 
(Sigma), and incubated at 28°C in a slow, rotary shaking (100 rpm) water 
bath. After 24 hours, lysozyme (Sigma) was added to a concentration of 
300 ug/ml. Spheroplasts were observed under a light microscope and 
harvested after an additional 24 hours. 
4. Cell wall regeneration 
Two methods were used for regenerating cell walls. For reversion in 
liquid, spheroplasts were placed in 10 ml of YS-14 medium without glycine 
or lysozyme at a concentration of 2x10^ cells/ml and incvhated at 28°C 
with slow rotary shaking. Reversion to normal cells occurred in 7-10 days. 
For reversion on plates, 0.1 ml of an appropriate dilution of spheroplasts 
was placed in 2 ml of 14% sucrose in O.IM Tris HCl, pH 7.5, and poured 
onto the surface of a YM plate. Plates were incubated at 28°C on a level 
shelf. After 2-3 days the sucrose solution absorbed into the plate and 
colonies were observed in 10-14 days. 
The frequency of reversion on plates was determined by dividing the 
number of colonies grown up on a YM plate by the number of spheroplasts 
originally plated. The number plated was determined by counting sphero­
plasts on a Petroff-Hausser and Helber hemocytometer. Serial dilutions of 
spheroplasts for viable counts were made in 14% sucrose in O.IM Tris HCl, 
pH 7.5. 
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5. Modulation 
Seeds of the soybean cultivar 'Clark' were surface sterilized in 10% 
chlorox for 10 minutes, washed 6X in sterile HgO, and germinated in the 
dark. Three day old etiolated seedlings were placed in 5 ml of YM medium 
O 
containing R. japonicum strain USDA 31 at a concentration of 1-2x10 
cells/ml. The inoculated seedlings were grown in an autoclaved mixture of 
80% sand and 20% peat. Root nodules were harvested after 8 weeks and 
fixed for scanning electron microscopy as described below. 
6. Scanning electron microscopy 
Each step of spheroplast formation was examined using a JEOL JSM-35 
scanning electron microscope. For fixation, cells were pelleted, smeared 
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onto 22 nun glass coverslips, and placed immediately in 3% (w/v) glutar-
aldehyde plus 14% (w/v) sucrose in phosphate buffer (pH 7.0) for 1 hour. 
This was followed by post-fixation in 1% (w/v) OsO^ for 3 hours. Both 
steps were done at 4°C. The fixed cells were dehydrated in ethanol, 
critical point dried in CO^: and coated with 400 a gold-palladium using a 
Polaron E5110 sputter coater. 
The same procedure was used for the fixation of soybean root nodules, 
with the following modifications. The nodules were fixed overnight in 3% 
glutaraldehyde plus 14% sucrose in phosphate buffer. They were then 
sliced longitudinally or transversely with a razor blade and post-fixed as 
described above. 
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C. Results and Discussion 
Spheroplasts of japonicum strains 61A76, USDA 31, and 110 were pre­
pared by culturing cells in the presence of glycine followed by treatment 
with lysozyme. Each step of the spheroplast formation procedure specified 
in materials and methods was examined by scanning electron microscopy. 
Figure la shows cells of R. japonicum strain 61A76 taken from a culture 
g 
grown in TY medium to 2x10 cells/ml. Figure lb shows cells after 24 
hours growth in the presence of glycine. Note that the cells seemingly 
swell at one end before becoming completed spheroplasts. Figure Ic shows 
R. japonicum spheroplasts after the treatment with lysozyme. It  can be 
seen that in many cases some residual cell wall material remained associ­
ated with the spheroplasts. At this stage the cells are osmotically sensi­
tive and must be maintained in 14% sucrose. 
Figure 2 suggests the way in which spheroplasts are formed from bacte­
rial rods. One end of the bacterium swells (A), and assumes a spherical-
like shape (B). The sphere expands and eventually separates from the 
rigid cell wall to form a completed spheroplast (C). Occasionally some 
forms were observed which had swellings at both ends of the rod (Figure 3). 
Presumably both forms are a result of the bacterial cell dividing in the 
absence of cell wall synthesis. 
Spheroplast formation was enhanced by growing the cells in TY medium 
before they were placed in the glycine medium. No increase in cell number 
occurred once the cells were placed in YS-14 medium with glycine. Adding 
calcium to the medium prevented growth inhibition and the formation of 
spheroplasts. Cell clumping was occasionally observed after the addition 
Figure 1. Formation of spheroplasts of R. japonicum. (A) Cells grown in 
TY medium; (B) grown in YS-14 medium with glycine; (C) after 
lysozyme treatment. X8,000 (Bar = 1 um) 

Figure 2. Glycine-induced spheroplast formation in japonicum. (A) 
Swelling begins at one end of the bacterial cell.  (¥) Swell­
ing continues and developes into a spherical structure at one 
end of the rod. (C) Completed spheroplast. X25,000 
Figure 3. Developing spheroplast of R. japonicum showing swelling at both 
ends of the bacterial cell.  X33,000 
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Figure 4. Soybean root nodule and japonicum bacteroids. (a) Mature 
root nodule cross-section. X23 [ïï]" Host-derived membranes 
containing bacteroids. X240 (c) Bacteroids within membranes. 
X750 (d) Spherical bacteroids of R. japonicum. X2,000 
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of lysozyme; however, the clumps could be broken up by a brief vortexing. 
Spheroplasts could be pelleted at 5,000x g and resuspended by vortexing 
without apparent damage so long as the medium contained 14% sucrose. 
The mechanism through which glycine inhibits cell wall synthesis 
is not known. Glycine is known to be an inhibitor of growth in many bac­
terial species, with high concentrations inducing the formation of sphero­
plasts, protoplasts, and L-forms (Jeynes, 1957; McQuellen, 1960). Growth 
inhibition and apparent bacteroid formation have been observed in R. 
leguminosarum in media containing high concentrations of yeast-extract or 
glycine (Beringer, 1974; Jordan, 1965). Sherwood (1972) found that gly­
cine was the main cause of yeast-extract toxicity in R. tri  folii.  She 
also found that calcium would reverse growth inhibition by glycine. 
Hammes, et al.  (1973) suggested that, in at least some bacteria, glycine 
acts by replacing D-alanine residues in the peptidoglycan, thereby inter­
fering with cross-linking. It  is also possible that glycine acts by being 
metabolized to glycxylate when i t  is presented to the Rhizobium cells in 
high concentrations. The glyoxylate could then chelate divalent cations 
required for cell wall synthesis (J. Imsande, Iowa State University, per­
sonal communication). Support for the latter model comes from the obser­
vation that glycine-induced spheroplast formation in R. japonicum and 
glycine-toxicity in tri folii are prevented by calcium. 
Cell walls were regenerated either in liquid reversion medium or on 
YM plates. Although growth was inhibited when cells were placed in YS-14 
medium with glycine, growth would occur in YS-14 medium alone. Reversion 
of spheroplasts to normal cells occurred in YS-14 liquid medium in the 
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absence of glycine in 7-10 days. It  was not possible to determine rever­
sion frequency using this method. 
Reversion on YM plates using a soft-agar overlay was extremely poor 
(0.01%). For this reason, the sucrose overlay method described in mate­
rials and methods was developed. The frequency of spheroplast reversion 
on YM plates overlayed with sucrose was much higher than in soft-agar; 
however, i t  was also quite variable, with frequencies ranging from 1-40%. 
The ability to revert to whole cells for R. japonicum strains 61A76, 
USDA 31, or 110 was similar. 
japonicum spheroplasts are similar in appearance to bacteroids 
found in the root nodules of soybean plants (Figure 4) and to tri folii 
bacteroids seen in nodules of red clover (Kocon, 1980). Similarly, the 
glycine-induced intermediate spheroplasts seen in Figures lb, 2, and 3 are 
similar to developing tri folii bacteroids observed by Kocon (1980) 
during SEM examination of red clover nodules. A mature nodule consists of 
a central core containing the Rhizobium cells and a surrounding cortical 
area containing the plant vascular system (Figure 4a) (Newcomb, 1981; 
Vincent, 1977). Within the central core the bacteroids are compartmental­
ized by membrane envelopes derived from the plasma membrane (Figures 4b 
and c). Spherical bacteroids, structurally similar to R^. japonicum 
spheroplasts, are clearly seen in Figure 4d. Bacteroids isolated from a 
wide range of legume species have been shown to be more sensitive to 
osmotic and detergent lysis than their free-living counterparts (Sutton 
and Patterson, 1980; Sutton, et al. ,  1981; Van Brussel, et al. ,  1977). 
Bal, et al.  (1980) reported that in R. japonicum fragments of the outer 
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membrane were apparently sloughed off during the transformation of bac­
teria into bacteroids. It  has been suggested that bacteroid development 
may involve an interference in the normal synthesis of the Rhizobium cell 
wall,  probably similar to that which occurs when the bacteria are exposed 
to penicillin (Jordon, 1962). 
It  is possible that there is a common mechanism involved in the for­
mation of R. japonicum spheroplasts and bacteroids. The occurrence of 
bacteroid-like forms of Rhizobium in glycine-rich media has been well 
documented (Beringer, 1974; Jordon, 1965; Sherwood, 1972). Staphorst and 
Strijdom (1972) isolated five spontaneous glycine-resistant mutants of 
R^. meli 1 oti.  The mutant strains did not form spheroplast in glycine-rich 
medium as did the parent R. meliloti strain but remained as normal rods. 
In addition, all five glycine-resistant strains formed ineffective nodules 
on Medicago sativa. The authors suggested that the formation of 
spheroplast-type cells in response to high concentrations of glycine 
might be a manifestation of an important physiological step in the forma­
tion of bacteroids. Similarly, the production of spheroplasts of R^. 
japonicum in response to glycine may represent a step in the formation of 
bacteroids. 
Spheroplasts of R. japonicum could prove useful in studies of bac­
teroid development and physiology. It  would be interesting to obtain 
glycine-resistant mutants of R. japonicum and observe their symbiotic 
properties. I nave found that spheroplasts are instantly and totally 
lysed in 1% SDS, while intact japonicum cells will not lyse under even 
more severe conditions. Rapid cell lysis would be very useful in the 
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isolation of plasmid DNA for gel electrophoresis, particularly for pro­
cedures which utilize in-the-well lysis (Eckhardt, 1978). In the study 
presented in the next section, spheroplasts were used as a means of 
introducing foreign plasmid DNA into R. japonicum. 
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III. INTRODUCTION OF PLASMID DNA INTO 
RHIZOBIUM JAPONICUM BY SPHEROPLAST TRANSFORMATION 
A. Introduction 
The genus Rhizobium is divided into two major groups, the fast-
growers and the slow-growers. The fast-growers have a generation time of 
2-4 hours and include R. phaseoli,  R. meliloti,  tri  foili,  and 
leguminosarum. The slow-growers include japonicum, R. lupini, and 
miscellaneous "species." The majority of work in Rhizobium genetics 
has involved the fast-growers while very l ittle is known about the 
genetics of the slow-growers. 
At present, there are no reliable methods of gene transfer available 
in slow-growing species of Rhizobium. Methods commonly used with other 
bacterial species (including fast-growing Rhizobium), such as transforma­
tion or conjugation, are difficult to apply to slow-growing Rhizobium. 
Kuykendall (1979), Pilacinski and Schmidt (1981), and Khmelnitsky, et al.  
f10A1 ) h3\/û hûûn c itrrocc fui 4 n r\r>o rsr* D1»nv»n»in nlacm4/ic 
(R1822, pRDl, RP4, and R68.45) into R_. japonicum with the hope they will 
promote chromosome mobilization. However, only Khmelnitsky, et al.  (1981) 
have yet to obtain a very low level of chromosome transfer. 
The use of protoplasts or spheroplasts as a means of genetic exchange 
in bacteria has recently become of interest. In Streptomyces, fusion 
(Hopwood, et al. ,  1977; Hopwood and Wright, 1978; Ochi, et al. ,  1979), 
transfection (Okanishi, et al. ,  1968; Suarez and Chater, 1980), and 
transformation (Bibb, et al. ,  1978) of protoplasts have been reported. 
Fusion and genetic recombination have been demonstrated with protoplasts 
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of the gram-positive bacteria Bacillus megaterium (Forder and Alfoldi, 
1976; 1979), B^. subtil is (Garbor and Hotchkiss, 1979), Staphylococcus 
aureus (Gotz, et al. ,  1981), and Brevibacterium flavum (Kaneko and 
Sakaguchi, 1979), and spheroplasts of the gram-negative Providence 
alcalifaciens (Coetzee, et al. ,  1979) and £, coli (Tsenin, et al. ,  1978). In 
addition, several workers have reported the transformation of protoplasts 
of gram-positive bacteria with plasmid DNA (Chang and Cohen, 1979; Canosi, 
et al. ,  1981 Saunders and Guild, 1981) or chromosomal DNA (Levi-
Meyrueis, et al. ,  1980). Recent reviews by Peberdy (1980) and Hopwood 
(1981) discuss several experiments in cell fusion and transformation 
involving microbial protoplasts. 
In this section, I report methods for the transformation of 
japonicum spheroplasts with high and low molecular weight plasmid DNA and 
the subsequent genetic analysis of the transformant strains. 
B. Materials and Methods 
1. Bacterial strains 
R. japonicum strains 61A76, USDA 31, and 110 have been described 
(Section II).  Agrobacterium tumefaciens strain kill  was received from 
M. Chilton (Washington University, St. Louis, MO). E. coli strains con­
taining Pl-group R-plasmids were obtained from E. Lederberg (Plasmid 
Reference Center, Stanford University, Stanford, CA). £. coli 
DB1706(pBR322;Tn5) was provided by D. Berg (Washington University, St. 
Louis, MO). E. coli strain SF8 was obtained from J. Mayfield (Iowa State 
University, Ames, lA). Pseudomonas aeruginosa strain PA0303 was obtained 
from B. W. Holloway (Monash university, Australia). Phages PRRl and PRDl 
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were provided by R. 01 sen (University of Michigan, Ann Arbor, MI). 
2. Medi a 
Ty, YM, and YS-14 media have been described (Section II).  The 
following media were also used. 
RJ or RO minimal medium (Bishop, et al. ,  1976) 
Ingredient Amount (per liter) 
KgHPO* 0.23g 
MgSO^-YHgO O.lg 
CaClg'GHgO 6.6mg 
NaHCOg 8.4mg 
H3BO3 145.Oug 
FeSO^.yHgO 125.Dug 
CoSO^•7H2O 70.Oug 
CuSO^'SHgO 3.94ug 
MnCl2'4H20 4.3ug 
ZnSO^-yHgO 108.Oug 
Na^MoO^ 125.Oug 
Nitrilo triacetate 7.0mg 
Riboflavin 20.Oug 
p-aminobenzoic acid 20.Oug 
Nicotinic acid 20.Oug 
Biotin 20.Oug 
Thiamine HCl 20.Oug 
Pyridoxine HCl 20.Oug 
Ca pantothenate 20.Oug 
Inositol 120.Oug 
Na glutamate l . lg 
Glycerol 4.0g 
Noble agar (Difco) 15.0g 
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For RO medium, 250 ug/ml octopine (Sigma) was substituted for Na 
glutamate and glycerol. 
Keister's medium (Keister, 1975) 
Ingredient Amount (per liter) 
KgHPO^ 0.64g 
NagHPO^ l.Og 
MgS04.7H20 0.2g 
FeS04'7H20 13.3mg 
Na2Mo0^'7H20 2.6mg 
Mannitol 5.0g 
Yeast extract (Difco) l.Og 
Casamino acids (Difco) O.ig 
Trace metals O.lml 
Na gluconate 5.0g 
CaClg 0.5g 
Agar (Difco) 15.Og 
The medium was adjusted to pH 6.5. The Na gluconate and the CaClg 
were autoclaved separately. 
20-E medium (Werner, et al. ,  1975) 
Inqreôient Amount (per liter) 
KHgPOq 68.0mg 
KgHPOq 87.0mg 
MgSOq-THgO 370.Omg 
CaClg'ZHgO 73.5mg 
KNOg 506.Omg 
NapMoO^'ZHyO 4.84mg 
FeS0^-7H20 6.95mg 
Nag-EDTA 9.3mg 
Glycerol 4.6g 
Mannitol 1.82g 
Yeast extract 2.0g 
The media was adjusted to pH 6.8 
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L6C medium (Atherly and Suchanek, 1971) 
Amount (per liter) 
15.Og 
5.0g 
Ingredient 
NaCl 
Yeast extract (Difco) 
Tryptone (Difco) 
G1ucose 
CaClg'ZHgO 
Agar 
10.Og 
l.Og 
0.2779 
15.Og 
The medium was adjusted to pH 7.0. Sterile glucose and CaClg'ZHgO 
were added after autoclaving. 
Plant nutrient solution 
Ingredient 
MgClg'GHgO 
MgS04'7H20 
Amount (per liter) 
0.75g 1 
0.256g J 
KgHPO* 
KgSO, 
Sequestrene 138 (Geigy) 
I'lnt C L 
H3BO3 
CuSO^-SHgO 
ZnSO^'/HgO 
NagMoO^'ZHgO 
0.1647g 
0.0823g 
#2 
0.02g ]  #3 
0.u072ci 1 
0.0057g 
0.0093g 
0.0004q 
0.0002g 
#4 
CaSO^-ZHgO 0.19g 
Each stock solution (#s 1-4) was prepared 100 times concentrated as 
a stock solution, autoclaved separately and added to 1 liter of HgO with 
CaS04-2H20. 
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3. Mutagenesis 
Mutagenesis procedures were based on those of Miller (1972). For 
g 
ultraviolet irradiation, cells were grown to 2x10 /ml in YM liquid medium, 
centrifuged, and resuspended in HgO at a concentration of IxlO^/ml. Ten 
ml of cells were then placed in a glass petri dish (9 cm diameter) on a 
slow shaking (100 rpm) rotary shaker. Cells were irradiated by a 30 watt 
UV lamp that was placed 65 cm from the culture. Samples were taken at 10-
second intervals, diluted, and spread onto YM plates to determine the 
survival curve. The irradiated cells were then placed in TV liquid 
medium and incubated at 28°C with shaking. The flasks were covered with 
aluminum foil to prevent light repair. 
For ethyl-methane-sulfonate (EMS) mutagenesis, cells were grown to 
late-log phase, centrifuged, and resuspended in sterile HgO at a concen­
tration of IxlO^/ml. One-tenth ml of EMS (Sigma) was added to 10 ml of 
cells, and the culture was incubated without shaking at 28°C. Samples 
were taken at 30-minute intervals to determine the survival curve. The 
mutagenized cells were washed, resuspended in TY medium, and incubated 
overnight. 
The auxotroph-enrichment method of Klapwijk, et al.  (1975) was used 
to select for auxotrophic mutants, except that ampicillin was substituted 
for carbenicillin. R. japonicum cultures were grown for 24 hours follow­
ing the mutagenesis treatments in rich (TY) medium. The cells were then 
washed and resuspended in RJ liquid medium and incubated an additional 24 
hours. Ampicillin (Sigma) and lysozyme (Sigma) were then added to con­
centrations of 500 ug/ml and 200 ug/ml, respectively. Incubation was 
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continued for five days. The enrichment procedure was repeated two more 
times, and the cells were spread onto rich (TY) or minimal (RJ) agar to 
screen for auxotrophs. 
4. DNA isolation 
RPl, RP4, pBR322:Tn5, and Ti plasmid DNAs were isolated from coli 
strains EL401, J53, DB1706, and A. tumefaciens strain A277, respectively, 
according to the methods of Currier and Nester (1976). This procedure is 
described in greater detail in Section IV. The DNA was stored in TE 
buffer (50mM Tris HCl, 5mM Na EDTA, pH 8.0) and sterilized with 
chloroform. 
5. PEG 
The standard PEG solution contained 40% polyethylene glycol of 
molecular weight 600 (Sigma) plus 15% DMSO in 0.1 M Tris HCl, pH 9.0, and 
was sterilized by autoclaving. Separately sterilized CaClg'GHgO was. added 
to a concentration of O.OIM. Certain components of this solution (i.e. 
DMSO, PEG molecular weight) were modified when attempts were made to im­
prove transformation efficiency. These variations are discussed in the 
results and discussion section. 
5. Spheroplast transformation 
Spheroplast formation and cell wall regeneration have been described 
Q 
(Section II).  Twenty ml of freshly prepared spheroplasts (about 4x10 
spheroplasts) were pelleted at 5,000 x g and resuspended in the remaining 
medium (about 100 ul); 50 ul of TE buffer containing 5 ug of DNA was 
added, followed by the addition of 0.4 ml of the PEG solution. For a 
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control,  TE buffer alone was added. After 15 minutes, the cells were 
washed once in 14% sucrose in 0.1 M Tris HCl, pH 7.5, and resuspended in 
the same solution. 
To select for R-plasmid or pBR322:Tn5 transformants,  spheroplasts 
were regenerated in YS-14 l iquid medium and plated onto YM agar containing 
400 ug/ml kanamycin (Sigma). Other resistance markers,  tetracycline 
(Sigma), 200 ug/ml, and carbenicillin (Pfizer),  1 mg/ml, were tested by 
streaking cells onto Y-mal agar.  
To select for pTi transformants,  spheroplasts were plated directly 
onto RO agar using the sucrose-overlay method (Section II).  
7. Phage sensitivity 
Sensitivity to phages PRRl and PRDl was tested by spreading 2x10^ 
O 
cells onto YM plates.  Drops of phage solution containing about 10 phage 
were then spotted onto the surface of the agar.  Plates were examined for 
zones of clearing after 7-10 days, when growth reached confluency. 
8.  Modulation 
Two methods were used to test for infectivity. Modulation in plastic 
growth pouches was done according to the methods of Weaver and Frederick 
(1972). Seeds were surface sterilized, germinated, and infected as de­
scribed previously (Section II).  Etiolated, infected seedlings were placed 
in autoclaved growth pouches containing 25 ml of plant nutrient solution. 
Each pouch contained 3 seedlings, and three pouches were used for each 
japonicum strain tested. Plants were grown in a growth chamber and 
watered every day with 25 ml sterile HgO or plant nutrient solution, using 
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nutrient solution for every fourth watering. Strain infectivity was de­
termined by observing the nodules that had formed four weeks after 
infection. 
Modulation in soil  was done in a mixture of 80% sand and 20% peat 
moss using ceramic pots 11 cm in diameter and 10 cm in height.  A 1.8 cm 
diameter glass tube was placed in the pot so that the plants could be 
watered from the bottom. A 8" x 12" autoclavable bag (Fisher Scientific) 
was placed over the pot.  The glass tubs was stuck through the top of the 
bag so that the plants could be watered without removing the bag. The 
entire assembly (shown in Figure 5) was autoclaved for six hours. In­
fected, etiolated seedlings were placed in the covered, sterilized pots 
and grown at  55-70°F in a growth chamber with 12 hours of i l lumination. 
The bags were removed after three weeks, and nodules were harvested and 
assayed for acetylene reduction as described below. 
Bacteria were isolated from nodules that were surface sterilized 
for 10 minutes in 20% chlorox and washed six times in sterile HgO. The 
nodules were crushed in 14% sucrose in 0.1 M Tris HCl, pH 7.5, and the 
bacteria were streaked onto agar plates of YM medium or YM containing 
400 ug/ml kanamycin. 
9.  Acetylene reduction 
Acetylene reduction activity of intact root nodules was determined 
according to the methods of Imsande and Ralston (1982). The roots of an 
intact plant were placed in a one-pint Mason jar.  A large rubber stopper 
fi t ted with a rubber septum and containing a notch slightly larger than 
the soybean stem was f i t ted into the mouth of the Mason jar.  Modeling 
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Autoclavable bag, 8"x12" 
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Figure 5. Sterile ceramic pot assembly used to determine the infectivity 
o f  R .  j a p q ^ n i c u m  s t r a i n s  o n  ( ^ j j c i n e  m a x  
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clay was used to create an air tight seal between the soybean stem and 
the rubber stopper. Fifty ml of air were removed from the jar with a 
syringe and replaced with 50 ml of acetylene. Gas samples were removed 
from the jar at  three 10-minute intervals using a 10 ul Hamilton syringe 
and injected into a hydrogen flame (Propak type T 6'xl/18" stainless 
steel column) gas chromatograph. The ratio of acetylene to ethylene was 
determined from the heights of the respective peaks. 
For acetylene reduction in free culture, bacteria were grown on agar 
slants of Keister 's medium (Keister,  1975). The slants consisted of 5 ml 
of medium in a 15 ml volume glass vial.  About 2x10^ bacteria were inocu­
lated into 1 ml of Keister 's medium containing 0.75% agar at  60°C and 
poured over the surface of the slants.  After 7-10 days growth at  28°C, 
the slants were sealed with a rubber septum and acetylene was injected 
into each slant to a final concentration of 10%. Gas samples were removed 
at  24 hour intervals for injection into the gas chromatograph for analysis 
of acetylene and ethylene. 
10. Identification of R. japonicum strains 
Indicator plates were RJ minimal medium containing 25 ug/ml congo 
red (Sigma) or 150 ug/ml bromothymol blue (Sigma). Growth rates were de­
termined in TY l iquid medium and measured using a Klett-Summerson photo­
electric colorimeter.  
Whole cell  antisera were produced in rabbits and precipitation test 
done according to the methods of Vincent (1970). USDA 31 antiserum was 
kindly provided by H. Peterson (Mississippi State University, Mississippi 
State,  MS). 
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11. Conjugation 
g 
R. japonicum strains were grown in 20E l iquid medium to about 1x10 
cells/ml. coli  and P..  aeruginosa strains were grown in TY medium to 
mid-log phase. Two ml of each strain were mixed, centrifuged, and re-
suspended in water.  The mixture was forced through a 0.45 uM pore size 
membrane f i l ter (Millipore) until  no more water would pass. The fi l ters 
were placed on 20E medium agar plates for 3-4 days. Cells were then 
washed off the fi l ters and spread onto selective plates.  
C, Results and Discussion 
1. Mutagenesis 
Genetic studies with any organism requires that strains be isolated 
which carry mutations suitable for use as genetic markers.  Therefore, 
attempts were made to isolate auxotrophic mutants of R. japonicum, using 
either EMS or ultraviolet-irradiation to induce mutations. Treating 
japonicum strains 61A76 or 110 with EMS for 2-3 hours led to a 99% killing 
frequency (Figure 6).  Exposure of strain 61A76 to 50 seconds of UV pro­
duced a 99% kill  rate (Figure 7).  The surviving cells from either treat­
ment were grown overnight in TY rich medium, and selective pressure for 
auxotrophic mutants was applied using an ampicillin-lysozyme enrichment 
procedure (Klapwijk, et  al . ,  1975). The cells were then plated onto RJ 
minimal medium agar to select amino acid auxotrophs. EMS mutagenesis was 
attempted five times, and UV mutagenesis was attempted twice. Out of over 
4,000 colonies examined, no auxotrophic mutants were isolated. 
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The isolation of mutants in amino acid synthesis in R. japonicum has 
proven to be very difficult ,  and very few mutations suitable for use as 
genetic markers are currently available. Pilacinski and Schmidt (1981) 
and Khmelnitski,  et  al .  (1981) have isolated mutants in japonicum 
strains USDA 31 and 3I1B110 auxotrophic for histidine, tryptophan, 
methionine, and pantothenic acid, using NTG mutagenesis coupled with 
penicillin or ampicillin selection. These strains are currently the only 
auxotrophic mutants of R. japonicum reported in the li terature. 
The reason for the scarcity of auxotrophic mutants in R. japonicum is 
not known. I t  has been suggested that auxotrophs are difficult  to isolate 
in slow-growing rhizobia because the cells have a tendency to clump 
(Kondorosi and Johnston, 1981). Cell clumping is often observed in 
japonicum cells grown in liquid medium or on agar medium (Figure 8).  
However, this explanation does not account for the fact that mutations in 
symbiosis or nitrogen-fixation ability are readily isolated in R. 
japonicum following EMS mutagenesis (Maier and Brill ,  1976) or treatments 
with acridine dyes (M. J .  Skogen-Hagenson, Iowa State University, unpub­
lished results).  The EMS and UV mutagenesis procedures described here re­
sulted in high frequencies of kill ing; therefore, the treatments did cause 
damage to the cells.  Apparently, there is a factor associated with R. 
japonicum (i .e. ,  efficient repair mechanisms, duplication of genes) which 
can prevent the expression of certain mutations, making i t  very difficult  
to isolate auxotrophic mutants.  
Figure 8.  Scanning electron micrograph of japonicum strains 61A76 (A) 
and 110 (B) grown in TY l iquid medium to 2x10° cells/ml. Note 
that many of the cells occur in clumps X3,200 
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2. Recovery and characterization of RPl and RP4 transformants 
Plasmids RPl and RP4 carry the resistance genes for kanamycin, tetra­
cycline, and carbenicillin (Jacob, et  al . ,  1973). I  have found in 
japonicum that the spontaneous mutation frequency for resistance to these 
antibiotics was sufficiently low only when high concentrations of anti­
biotic were used. Of the three, mutation to kanamycin resistance occurred 
at  the lowest rate,  with a frequency of 1-2x10"^ for strains 61A75, USDA 
31, and 110 in the presence of 400 ug/ml kanamycin. 
From the data in Table 2, i t  can be seen that a 10 to 20 fold 
increase in kanamycin-resistant colonies was obtained when cells of 
strains 61A76, USDA 31, and 110 were subjected to the transformation pro­
cedure in the presence of RPl or RP4 DNA. Although these were not large 
increases, they were enough to warrant further characterization of the 
transformant colonies. 
Transformant colonies were recovered only when the spheroplasts were 
regenerated in YS-14 l iquid medium (Section II) in the absence of kana­
mycin. No transformants were recovered when the spheroplasts were plated 
directly onto YM plates containing 400 ug/ml kanamycin using the sucrose-
overlay method (Section II).  Apparently i t  is necessary to allow time 
for the R-plasmid encoded kanamycin resistance genes to be expressed. 
The transformant strains were characterized as R. japonicum using 
several criteria.  The transformants showed characteristic growth proper­
ties on indicator media (Vincent,  1970), with all  of the strains producing 
alkali  on RJ bromothymol blue agar and none taking up congo red dye on RJ 
agar.  All of the strains examined had similar growth rates in TV l iquid 
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Table 2. Recovery of R-plasmid transformants of R. japonicum 
Strain 
Transforming 
DNA 
Frequency of kanamycin 
resistant colonies 
110 
110 
61A76 
61A76 
USDA 31 
USDA 31 
USDA 31 
none 
RP4 
none 
RPl 
none 
RPl 
RP4 
1x10 
2x10 
- 8  
-7 
1x10 
2x10" 
2x10 
2x10 
3x10 
-8 
-8 
-7 
-7 
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medium (9-12 hours generation time). The 61A76 and USDA 31 transformants 
were precipitated by antiserum formed against the parent strains, but not 
by antiserum produced against japonicum strain 110 (Table 3).  Simi­
larly, the 110 transformants were precipitated only by 110 antiserum 
(Table 3).  
The 61A76 and USDA 31 transformants all  were capable of acetylene 
reduction in free culture on agar slants of Keister 's medium (Keister,  
1975). The parental strains 61A76 and USDA 31 were found to have similar 
rates of acetylene reduction, while strain 110 showed considerably higher 
rates (Figure 9).  Out of four 61A76 and USDA 31 R-plasmid transformants 
examined, three reduced acetylene at  rates corresponding to the parent 
strains [Figure 10, 61A76 (RPl)-5].  However, one of the strains, 31 
(RPl)-2, showed 2-3 times higher nitrogenase activity (Figure 10). 
All of the strains formed nodules on the roots of hydroponically-
grown soybeans and on plants grown in soil .  Kanamycin-resistant bacteria 
were isolated from nodules produced by the transformant stains, while 
kanamycin sensitive bacteria were isolated from nodules produced by the 
parent strains. 
I have found in R. japonicum that the type of medium used in detect­
ing antibiotic resistance markers is extremely important.  On TY plates,  
for example, growth was observed in all  strains examined at  concentrations 
of 500 ug/ml kanamycin or tetracycline and 1 mg/ml carbenicillin. How­
ever,  Y-mal medium has proven to work well for the detection of plasmid 
determined resistance markers.  RPl and RP4 transformants of 61A76, USDA 
31, and 110 were tested for resistance to high concentrations of both 
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Table 3. Reactions of R. japom'cum R-plasmid transformants to antisera (+ = precipitation, -  -  no 
reaction) 
Strain 
110 110 61A76 61A76 USDA 31 
Antisera A136 110 (RP4-1) (RP4-10) 61A76 (RPl-4) (RPl-5) USDA 31 (RPl) 2 
61A76 -  -  -  + H + + 
110 + + + 
USDA 31 + + + + 
A 1 3 6  +  - -  -
o> OJ 
tetracycline and carbenicillin, two additional R-plasmid markers,  and 
were found to possess both determinants (Table 4).  The parent strains 
showed no growth on Y-mal plates in the presence of these antibiotics.  
In addition to using antibiotic resistance markers,  i t  is possible 
to detect the presence of P-group resistance plasmids through the use of 
plasmid-specific phage. PRRl and PRDl (Olsen and Thomas, 1973; Olsen, 
et  al . ,  1974) are phage that recognize and lyse bacterial cells that 
harbor R-plasmids. I ,  therefore, tested the RPl and RP4 transformants 
for sensitivity to these phage. Sensitivity was determined by the obser­
vation of zones of clearing around areas where phage had been spotted 
onto a lawn of freshly spread cells.  All of the transformant strains 
tested were sensitive to both phage PRRl and PRDl but the parental strains 
were not (Table 4).  
P-group R-plasmids are capable of promoting their own transfer by 
conjugation within and between species of gram-negative bacteria 
(Holloway, 1979). Therefore, the ability of two R. japonicum RPl trans­
formant strains to serve as donors for R-plasmid encoded antibiotic re­
sistance was tested. Restriction endonucleases present in recipient bac­
teria will  often prevent the establishment of newly introduced foreign 
DNA (Old and Primrose, 1980). For this reason, attempts were made to 
minimize restriction barriers in the recipient aeruginosa and £.  coli  
strains. 
.japonicum strains 61A76 (RPl)-4 and USDA 31 (RPl)-2 were incapable 
of transferring tetracycline resistance to a £_. aeruginosa PA0303 recip­
ient.  The recipient strain had been grown at 43°C prior to mating in 
Table 4. Characteristics of R, japonicum R-plasmid transformants 
Strain 
Kanamycin 
resistance 
(200 ug/ml) 
61A76 
61A76 (RPl)-4 
61A76 (RPl)-5 
61A76 (RPl)-6 
61A76 (RPl)-7 
61A76 {RP1)-14 
USDA 31 
USDA 31 (RPl)-2 
USDA 31 (RPl)-4 
USDA 31 (RPl)-n 
USDA 31 (RP4)1 
USDA 31 (RP4)2 
110 
110 {RP4)1 
110 (RP4)10 
110 (RP4)22 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Tetracycline 
resistance 
(200 ug/ml) 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Carbenicillin 
resistance 
(1 mg/ml) 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Phage sensitivity 
PRRl PRDl 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
N.D. 
N.D. 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
N.D. 
N.D. 
+ 
+ 
+ 
Tested on YM plates.  
Tested on Y-mal plates.  
order to inactivate i ts restriction enzymes (Table 5).  Strains 51A76 
(RPl)-4 and USDA 31 (RPl)-2 were able to transfer tetracycline resistance 
to coli  SF8, a strain deficient in i ts restriction/modification system 
(J.  Mayfield, Iowa State University, personal communication), at  a fre­
quency of 1-3x10"^ (Table 5).  Twenty of the SF8 transconjugants were re-
streaked to test for other R-plasmid encoded resistance markers ( i .e. ,  
kanamycin, tetracycline).  Surprisingly, most of the SF8 transconjugants 
failed to grow when restreaked onto LB agar with or without antibiotic 
added to the medium. Out of 20 colonies tested, only two showed growth 
when restreaked onto LB agar with no antibiotic; however, these two strains 
were no longer resistant to tetracycline. This conjugation experiment was 
repeated twice, and each time transconjugants of £,  coli  SF8 arose at  fre­
quencies of about 1x10"^. In both experiments the transconjugant colonies 
failed to grow when restreaked onto either selective agar medium containing 
antibiotic or onto nonselective medium. 
Auxotrophic mutations suitable for use as genetic markers are diffi­
cult  to obtain in R. japonicum. For this reason, antibiotic resistance 
is often used as a means of strain identification. A spontaneous, nala-
dixic acid resistant mutant of R. japonicum strain 110 was recently iso­
lated in our laboratory. (A. Atherly, Iowa State University, unpublished 
results).  This strain was used as a recipient in crosses with R. japonicum 
61A76 (RPl)-4 and USDA (RPl)-2. Transconjugant strains, resistant to both 
naladixic acid and kanamycin, were recovered at  a frequency of 1x10"^ 
(Table 5).  The transconjugants of strain 110 were also found to be re­
sistant to tetracycline and carbenicillin, two additional RPl encoded re­
sistance markers.  
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Table 5. Membrane f i l ter conjugations of japonicum RPl donor strains 
with aeruginosa, coli ,  and R. japonicum recipients.  
2- aeruginosa PA0303 and E_. coli  SF8 transconjugants were 
selected on LGC plates containing 40 ug/ml tetracycline. £.  
aeruginosa PA0303 was grown at  43 C for two hours-to inactivate 
restriction endonuclease. R. japonicum 110 (NaT ) transcon­
jugants were selected on YM medium containing 500 ug/ml 
naladixic acid and 400 ug/ml kanamycin 
R. japonicum donor Recipient 
Frequency of tetracycline 
resistant colonies 
61A76 
USDA 31 
61A76 (RP1)4 
USDA 31 (RP1)2 
61A76 
USDA 31 
61A76 (RP1)4 
USDA 31 (RP1)2 
2- aeruginosa PAO303 
2- aeruginosa PA0303 
2- aerugi nosa PA0303 
2- aeruginosa PAO303 
E. coli  SF8 
E. coli  SF8 
E. coli  SF8 
E. coli  SF8 
10 
10 
10" 
10' 
10 
10 
-7 
-7 
- 8  
- 8  
1x10 
3x10 
-5 
-5 
Frequency of kanamycin 
resistant colonies 
61A76 
USDA 31 
61A76 (RP1)4 
USDA 31 (RPl)2 
R. japonicum 110(Nal ) 
R. japonicum 110(Nal ) 
r  japonicum 110(Nal ) 
R. japonicum llO(Nal^) 
1.1x10 
l .SxlO'B 
1x10" 
1.3x10 -4 
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The genetic evidence presented here demonstrates that the Pl-group 
plasmids RPl and RP4 could be introduced into japonicum strains 61A76, 
USDA 31, and 110 using the method of spheroplast transformation. The 
transformant strains were characterized as derivatives of the parent 
strains based on their growth properties on bromothymol blue and congo red 
indicator agar,  growth rates,  acetylene reduction, nodulation abilit ies,  
and serological properties.  All of the R-plasmid transformants examined 
were found to possess the R-plasmid encoded characteristics of resistance 
to kanamycin, tetracycline, and carbenicillin, sensitivity to R-plasmid 
specific phage, and conjugation ability. 
It  is worth noting that one of the transconjugant strains, USDA 31 
(RPl)-2, showed higher in vitro acetylene reduction activity than i ts 
parent strain (Figure 10). FÎ. japonicum mutants possessing increased in 
vivo nitrogen-fixation ability have been isolated following EMS mutagene­
sis (Maier and Brill ,  1978). However, in this case strain USDA 31 (RPl)-2 
was derived through the introduction of an R-plasmid. There is no 
apparent reason why the transformation procedure described here should 
result  in increased nitrogenase activity. Because USDA 31 (RPl)-2 was 
serologically identical to i ts parent strain USDA 31, and because i t  ex­
pressed RPl-encoded antibiotic resistance markers,  i t  is unlikely that i t  
was a contaminating strain of japonicum. I t  is possible that the in­
crease in nitrogenase activity resulted from the introduction of R-plasmid 
DNA integrated into the genomes of the transformant R. japonicum strains. 
It  is likely that this insertion altered the expression of nitrogenase 
genes in the strain USDA 31 (RPl)-2. 
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It  is not clear why the R. japonicum transformant strains 61A76 
{RPl)-4 and USDA 31 (RPl)-2 could not serve as donors in matings with 2-
aeruginosa PA0303, although the transfer of R-plasmid determinants to R. 
japonicum which was transfered along with the R-plasmid to coli  strain 
SF8 and possibly the aeroginosa strain PA0303 recipients.  
3.  Varying parameters of the transformation system 
Several attempts were made to improve the frequency of spheroplast 
transformation. RPl plasmid DNA and R. japonicum strain 61A76 were used 
in transformation experiments in which various parameters of the trans­
formation procedure were modified. PEG 6000 was substituted for PEG 600 
and no transformant colonies were recovered. Varying the concentration 
of PEG 600 from 20% to 85% produced variable results;  however, 60% PEG 600 
resulted in the highest recovery of kanamycin resistant colonies (3x10 ^).  
By extending the time in which the cells were treated with PEG and DNA, 
very slight increases in transformation frequency were obtained. Varying 
,-9 - -_10 + rvMrnKûv» nf ifcoH fr\V» "fy^nm I Y 111 TO lyiu 
again resulted in a slight increase in transformation frequencies, with 
the highest frequency (2.7x10"^) occurring when 4x10^ spheroplasts were 
used and lower frequencies (1x10"^) occurring when 1x10^ or 1x10^^ sphero­
plasts were used. Five minutes in the transformation solution resulted in 
a transformation frequency of 1.6x10"^, while 15 minutes increased the 
frequency to 3x10"^. Extending the time period beyond 15 minutes, up to 
1 hour, did not result  in further increases. Varying the DNA concentra­
tion had l i t t le effect,  except that no transformants were isolated when 
less than 1 ug of R-plasmid DNA was used. Eliminating the CaCl2 or the 
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DMSG resulted in the recovery of no transformant colonies. Taken together,  
the most optimum conditions never gave a frequency of greater than 3x10"^. 
I t  is apparent from these results that very l i t t le change in the frequency 
of transformation occurred when the parameters of the transformation pro­
cedure were varied. Unfortunately, these frequencies are sti l l  quite low. 
Gene transfer by any means has been difficult  to obtain in Rhizobium 
slow growers. The frequencies of DNA uptake observed with spheroplast 
transformation are similar to those reported for conjugational transfer of 
R-plasmid DNA to R. japonicum by Kuykendall (1977; 1979) and A. G. Atherly 
Iowa State University, personal communication). Recently a comparison was 
made of three methods of R-plasmid transfer to R. japonicum: spheroplast 
transformation, conjugation, and a new freeze-thaw transformation method 
(P. F. Russell ,  Allied Chemical-Company, Syracuse, New York, personal com­
munication). Each method was found to produce similar frequencies of R-
plasmid uptake by R, japonicum. I t  is possible that the incorporation of 
foreign DNA by any means is a rare event in R. japonicum. However, 
Khmelnitsky, et  al .  (1981) have reported the transfer of R-plasmid DNA to 
japonicum strain 110 at  frequencies of 10 ^ to 10 Cen, et  al .  (1982) 
recently transferred RP4 by conjugation to four strains of slow-growing 
"cowpea" rhizobia at  a frequency of 10" .  This method has not yet been 
successful in japonicum (A. G. Atherly, Iowa State University, personal 
communication). The reason for these variable and usually low frequencies 
of transformation and conjugation is not known. Most l ikely, a combination 
of factors such as restriction barriers or incompatibility mechanisms is 
responsible for the low frequencies. On the other hand, i t  is possible 
that the proper conditions for introducing foreign DNA into japonicum 
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have not yet been met.  
4.  Ti and pBR322:Tn5 plasmid transformation 
Ti plasmid DNA was purified from Agrobacterium tumefaciens A277 by 
the procedure of Currier and Nester (1976) and introduced into R. 
japonicum strain 61A76 using the transformation procedure outlined in 
materials and methods. Transformants were plated directly onto RO selec­
tive agar,  with 250 ug/ml octopine as a sole nitrogen source, using the 
sucrose-overlay method (Section II).  No growth of R. japonicum was ob­
served on octopine agar unless Ti plasmid DNA was present during the PEG 
induced transformation of spheroplasts.  Octopine-utilizing colonies were 
recovered at  a frequency of 1x10"^. Five colonies were selected and re-
streaked for further study. 
Tests were conducted on the transformants to determine if  they were 
identical to the parent R. japonicum strain. All f ive 61A76 Ti plasmid 
transformants examined reduced acetylene in free culture at rates slightly 
lower than the parent strain 61A75 (Figure 11). The transformant strains 
were precipitated by antiserum prepared against R. japonicum 61A75 but not 
by antiserum prepared against A. tumefaciens A277 (Table 6).  Also, all  of 
the strains tested nodulated Glycine max. 
The Ti-transformant strains continued to grow when restreaked onto RO 
medium containing octopine as a sole carbon and nitrogen source. However, 
they did not form crown galls on Kalanchoe daiqremontiana or Nicotiana 
tabacum (Wisconsin 38).  Hooykaas, et  al .  (1977) were able to conjugate 
the A. tumefaci ens Ti plasmid into R_. t r i  fol i i  using the Pl-group plasmid 
RP4 to mediate the transfer.  The transconiugant tri  foli  i  strains 
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50 
Time (Days) 
Compar i son  o f  ace ty lene  r educ t ion  by  R .  jaoonicum 
51A75 (®), 61A76 {7i)-3 (O), and 51A75 (Ti)-5 (A) 
Table 6. Reaction;; of R. japonicum pTi transformants to antisera (+ = precipitation, -  = no reaction) 
Strain 
Antisera ()1A76 Ti-1 Ti-2 Ti-3 Ti-4 Ti-5 A277 
none -
61A76 + + + + + + + 
A277 -  - -----
CO 
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expressed the Ti plasmid encoded traits of octopine utilization and crown 
gall  formation on Kalanchoe daiqremontiana. This is not surprising in 
view of the fact that fast-growing rhizobia and Agrobacterium are very 
closely related (Elkan, 1981). The R. japonicum Ti transformants isolated 
in this study expressed only one of the Ti-encoded traits,  octopine 
utilization. This could mean that the genes responsible for crown gall  
formation are not expressed in R. japonicum. On the other hand, i t  is 
possible that only a section of the Ti plasmid was transferred into the R. 
japonicum strains. Further studies on the japonicum Ti transformant 
strains are presented in Section IV of this dissertation. 
Plasmid pBR322 is a commonly used cloning vector in bacteria.  I t  
would be useful to be able to introduce this plasmid into R. japonicum 
as a potential means of introducing and stably maintaining useful genetic 
information (i .e.  hydrogenase genes).  Plasmid pBR322 carries the anti­
biotic resistance markers for tetracycline and ampicillin (Old and 
Primrose, 1980). In R. japonicum, i t  is difficult  to select for these 
markers due to relatively high spontaneous mutation frequencies (about 
1x10'^).  Therefore, a derivative of the plasmid containing the transposon 
Tn5 was used, and selection was made for Tn5-encoded Kanamycin resistance. 
Transformation with pBR322:Tn5 was attempted twice. In neither case 
were any kanamycin-resistant colonies recovered. I t  is worth noting that 
there are no reported cases of the plasmid pBR322 having been introduced 
into any species of fast- or slow-growing Rhizobium (R. H. Prakash, Boyce 
Thompson University, Ithaca, New York, personal communication). The 
opinion of the majority of workers in the field of Rhizobium genetics is 
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that pBR322, and other Col El-like plasmids, are incapable of replicating 
in any species of the genus. The results presented here lend further 
support of this theory. However, the fact that pBR322 has not been intro­
duced into Rhizobium does not conclusively prove that i ts replication is 
inhibited in Rhizobium species. 
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IV. PHYSICAL CHARACTERIZATION OF THE R. JAPONICUM 
RPl AND Ti PLASMID TRANSFORMANT STRAINS 
A. Introduction 
Aqrobacterium and Rhizobium (at least the fast-growing strains) are 
closely related bacteria. It  would appear that the induction of nodules 
has some analogies with tumor induction. With these facts in mind, Nuti, 
et al.  (1977) applied to Rhizobium the techniques developed for the ex­
traction of large plasmids (molecular weights greater than 100 Mdal) from 
A. tumefaciens. They were the first to demonstrate convincingly the 
presence of large plasmids in several Rhizobium species and to provide an 
estimate of their very high molecular weights (up to 400 Mdal). 
Most strains of fast- and slow-growing Rhizobium species are known to 
harbor large plasmids (Casse, et al. ,  1979; Gross, et al. ,  1979; Nuti, et 
al. ,  1977; Russell and Atherly, 1982; Sutton, 1974; Tshitinge, êt al. ,  1975; 
Zurkowski and Lorkiewicz, 1976). These plasmids range in size from 50 to 
>200 Mdal. In general, i t  appears as though the fast-growing Rhizobium 
species contain multiple large plasmids while the slow-growing species 
contain only one or two large plasmids (reviewed in Denarie, et al. ,  1981). 
Results obtained in a number of studies dealing with several fast-growing 
Rhizobium species have indicated that many genes affecting symbiotic 
properties, including nif genes, are located on plasmids (reviewed in 
Beringer, et al. ,  1980; Denarie, et al. ,  1981). As yet no functions have 
been determined to be present on plasmids of the slow-growing Rhizobium 
species. 
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In this section of the dissertation, a comparison is made of genomic 
structure in the R. japonicum R-plasmid and Ti-plasmid transformant strains 
described in Section III.  Agarose gel electrophoresis, restriction enzyme 
analysis, and DNA hybridization studies revealed that many of the trans­
formant strains had undergone extensive genomic rearrangements, possibly 
in response to the introduction of foreign plasmid DNA. Evidence pre­
sented in this section indicates that the R. japonicum genome is unstable, 
and that i t  has the ability to rearrange its plasmid and chromosomal 
components. 
B. Materials and Methods 
1. Bacterial strains 
R. japonicum strains 51A76, USDA 31, 110, and A. tumefaciens strain 
A277 have been described (Section III). A. tumefaciens A277(RP4) was 
derived from a membrane-filter conjugation with £. coli J53(RP4). The 
R. japonicum RPl, RP4, and Ti plasmid transformant strains were described 
in Section III.  phaseoli strain DBl ana meliloti strain lOZFol were 
provided by D. Berryhill (North Dakota State University, Fargo, NO). 
2. Media 
TY and YM rich media, and RO minimal medium have already been 
described (Section III). 
3. Small scale plasmid DNA isolation 
Plasmid DNA was isolated by the procedure of Casse, et al.  (1979) as 
modified by Russell and Atherly (1982). Rhizobium cells were grown in 100 
i 
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ml of TY liquid medium at 28 C to 1x10 cells/ml. For japonicum strains 
containing a Pl-group R-plasmid, 400 ug/ml kanamycin was added to the 
medium. Cells were harvested by centrifugation and resuspended in 40 ml of 
3% NaCl. The cells were incubated at room temperature for 15 minutes with 
occasional vortexing, centrifuged, washed again in 3% NaCl, and resus­
pended in the residual fluid (about 0.3 ml). The cells were transferred 
to a 250 ml beaker containing a magnetic stirring bar (length = 5 cm). 
Forty ml of lysis buffer (1% sodium dodecylsulfate, 0.05 M Tris HCl, 0.005 
M NagEDTA, pH 12.45) was added to the beaker and the mixture was stirred 
for 1.5 minutes at 60 rpm. The beaker was placed in a 37°C waterbath for 
25 minutes, removed from the waterbath, and 2.5 ml of 2 M Tris HCl (pH 7.0) 
was added. The lysate was stirred slowly until a flocculent precipitate 
was observed (usually 1-2 minutes). Five ml of 5 K NaCl was then added, 
mixed slightly, and the mixture was allowed to stand at room temperature 
for 30 minutes. At this point, 40 ml of distilled phenol (previously 
saturated with 3% NaCl in 0.05 M Tris HCl, 0.005 M NagEDTA, pH 8.0, and 
containing 0.1% 8-hydroxyquinoline) was added. The mixture was stirred at 
50 rpm for 1.5 minutes and poured into a 150 ml Corex tube. The tube was 
then centrifuged at room temperature at 3,500 x g for 5 minutes. The 
upper aqueous phase was removed with the butt end of a 25 ml pi pet and 
transferred to a second Corex tube. Four ml of 3 M Na acetate was added 
followed by two volumes of cold (-20°C) 95% EtOH. The tube was then in­
verted several times to allow for mixing of the lysate and ethanol and 
placed at -20°C overnight to allow for precipitation of the plasmid DNA. 
The solution was centrifuged at 40,000 x g for 20 minutes at -10°C and the 
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supernatant discarded. The tube was inverted for 30 minutes to allow 
complete drainage. Four-tenths ml of TES buffer (0.05 M Tris HCl, 0.005 
M NagEDTA, 0.001 M NaCl, pH 8.0) was added and the pellet was allowed to 
dissolve for 1-2 hours at room temperature. 
This procedure produced enough plasmid DNA for four electrophoresis 
samples (100 ul/sample). It  was found to work equally well for the 
Rhizobium fast-growers and slow-growers, as well as for A. tumefaciens 
and E. coli.  
4. Large scale plasmid DNA isolation 
The method used for isolating large quantities of plasmid DNA was 
based on the procedure of Currier and Nester (1976). Rhizobium cells were 
Q 
grown in one liter of TY liquid medium to 1x10 cells/ml. Cells were 
harvested by centrifugation, washed twice in 3% NaCl, and resuspended in 
200 ml of TE buffer (0.05 M Tris HCl, 0.005 M NagEDTA, pH 8.0). The cells 
were lysed by adding 0.1 volumes of predigested Pronase (Sigma) (5 mg/ml 
irs TE buffer) and enough 25% SDS tc bring the final solution to 1% SDS. 
The lysate was incubated at 37°C for one hour, then sheared using a 
Virtis "45" mixer at the lowest speed possible (about 200 rpm) for one 
minute. The purpose of the shearing step was to decrease the viscosity 
of the lysate and facilitate denaturation in the next step. 
The lysats DNA was denatured at pH 12.1-12.5 for 10 minutas by 
slowly adding 3 N NaOH. Before raising the pH, the pH meter was cali­
brated with standard pH 10 buffer. The solution was neutralized by 
rapidly adding 2 M Tris HCl (pH 7.0), with gentle stirring, until a pH of 
8.3-8.5 was reached (about three times the volume of NaOH added earlier). 
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The solution was stirred gently using a magnetic stirring bar until a 
flocculent precipitate was observed. 
Solid NaCl was carefully added to the lysate to a final concentration 
of 3%. When the NaCl was totally in solution, the lysate was extracted 
with 0.5 volumes of phenol (phenol was equilibrated with an equal volume 
of 3% NaCl in TE buffer, and contained 0.1% 8-hydroxyquinoline). The 
lysate:phenol mixture was stirred for five minutes, and the phases were 
separated by centrifugation in a Sorvall GSA rotor for 10 minutes at 
7,000 rpm at room temperature. The aqueous phase was removed using the 
butt end of a 25 ml pi pet, and the solution was further extracted with 0.5 
volumes of chloroformrisoamyl alcohol (24:1) for five minutes. The phases 
were separated by centrifugation (GSA rotor for five minutes at 7,000 rpm, 
room temperature). The aqueous phase was recovered and adjusted to.0.3 M 
Na acetate. Two volumes of cold (-20°C) 95% EtOH was added and the solu­
tion was placed at -20°C overnight to precipitate the DNA. The DNA was 
pelleted by centrifugation in a GSA rotor at 10,000 rpm for 20 minutes at 
-ICTC, dried under Ng, and dissolved in 5.0 mis of TES buffer (0.05 M Tris 
HCl, 0.005 M NdgEDTA, 0.05 M NaCl, pH 8.0). The DNA was then dialyzed for 
at least four hours against TES buffer. 
DNA was banded in a cesium chloride (Bethesda Research Laboratories) 
gradient (density 1.514 g/cc) with 0.5 mg/ml ethidium bromide (Sigma) by 
spinning at 15°C in a Beckman Ti-50 rotor at 36,000 rpm for 48 hours. DNA 
bands were visualized under ultraviolet light and the plasmid band was 
recovered with a plastic pi pet. The ethidium bromide was removed by 
several extractions with isoamyl alcohol. The DNA was dialyzed 
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extensively against O.IX TE buffer (5 mM Tris HCl, 0.5 mM Na2EDTA, pH 8.0) 
and concentrated by spinning overnight in a Beckman Ti-50 rotor at 45,000 
rpm. The DNA pellet was redissolved in O.IX TE buffer. 
This isolation procedure yielded approximately 20 ug of plasmid DNA 
from R. japonicum and about 40 ug of Ti plasmid from A. tumefaciens. It  
was also found to work extremely well for the isolation of plasmids from 
E. coli,  yielding up to 300 ug of RPl or PBR322 plasmid per l iter of 
cells (see Section III). 
5. Isolation of total DNA 
Total DNA was isolated from mid-log phase cultures of R. japonicum 
grown in 500 mis of TY liquid medium using the procedure of Marmur (1961) 
as modified by Haugland and Verma (1981). Cells were collected by 
centrifugation at 7,000 rpm in a Sorvall GSA rotor for 10 minutes, washed 
in saline-EDTA (0.15 M NaCl, 0.1 M NagEDTA, pH 8.0) and recentrifuged. 
Pellets were resuspended in 30 ml saline-EDTA to which was added 5 mg/ml 
predigested Pronase (Sigma) and 25% SDS to final concentrations of 1 mg/ml 
anri 1 % Tho wac -inriif>arori at fnr 9-\ hniir«:. 
adjusted to 1 M NaClO^, and extracted 2-3 times with 0.5 volumes phenol 
(phenol was saturated with 10 mM Tris HCl and 10 mM NagEDTA, pH 8.0, and 
contained 0.1% 8-hydroxyquinoline). The lysate was recovered and ex­
tracted again with 0.5 volumes chloroform:isoamyl alcohol (24:1). The 
aqueous phase was recovered and overlayed with two volumes of cold (-20°C) 
95% EtOH, and the DNA was spooled onto a glass rod. The DNA precipitate 
was dried under vacuum and redissolved in O.lxSSC (15 mM NaCl, 1.5 mM Na 
citrate). DNA was banded in a cesium chloride (Bethesda Research 
Laboratories) gradient (density 1.514 g/cc) with 0.5 mg/ml ethidium bro­
mide (Sigma) by spinning at 15°C in a Beckman Ti-50 rotor at 36,000 rpm 
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for 48 hours. The DNA band was visualized under ultraviolet light and was 
recovered with a plastic pipet. The ethidium bromide was removed by 
several extractions with isoamyl alcohol. The DNA was dialyzed extensively 
against TE buffer (0.05 M Tris HCl, 0.005 M NagEDTA, pH 8.0), precipitated 
in two volumes of cold 95% EtOH, and resuspended in 100 mM Tris HCl 
(pH 8.0). 
6. Electrophoresis and restriction endonuclease digestion 
Electrophoresis of intact plasmid DMA was performed in a vertical-
slab gel apparatus with 130 x 130 x 3 mm gels using 0.7% agarose (SeaKem) 
in TBE (Tris HCl, 0.089 M; boric acid, 0.089 M; NagEDTA, 2.5 mM, pH 8.3) 
running buffer. The tracking dye was xylene cyanol (0.07% w/v), glycerol 
(50% w/v), and SDS (7% w/v). Usually 100 ul of sample was mixed with 10 
ul of tracking dye. Gels were run at 120 volts (25-35 mA) at 4°C for 
five hours. After 30-60 minutes staining in 1 ug/ml ethidium bromide 
(Sigma), gels were visualized on a Fotodyne long-wavelength transillumina-
tor. Photographs were taken using Polaroid 665 film. 
EcoRI and BamHI (New England Biolabs) restriction endonuclease di­
gestions of plasmid and total DMAs were performed for 2-4 hours using con­
ditions suggested by the supplier. Restricted DNAs were mixed with 0.1 
volumes of a dye solution containing 75% sucrose, 0.25% bromophenol blue, 
and 0.25% xylene cyanol, and applied to the wells of a 250 mm long, 5 mm 
thick, horizontal-slab gel. For total DNA restriction digest, 0.8% 
agarose was used with TAE (Tris HCl, 40 mM; NagEDTA, 1 mM, adjusted to 
pH 7.8 with glacial acetic acid) running buffer. Electrophoresis was 
conducted at 70 volts for 17 hours at room temperature. Gels were stained 
for 30 minutes in 1 ug/ml ethidium bromide. DNA fragments were visualized 
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using a transilluminator and photographed. 
7. Molecular weight determinations 
Molecular weights of R. japonicum plasmids were determined by com­
parisons with high molecular weight plasmid standards. The log of molecu­
lar weight of the standards was plotted against the relative mobility of 
the standards. Plasmid relative mobility was the distance of plasmid mi­
gration as measured from the well bottom to the plasmid band. 
Molecular weights of restriction fragments were determined by using 
EcoRI and BamHI fragments of X DNA as standards. 
8. Blotting and filter hybridizations 
Blotting and filter hybridizations were done according to the methods 
of Southern (1975) as modified by Haugland and Verma (1981). DNA in 
agarose gels was exposed to 15 minutes of short wave ultraviolet light to 
induce nicking. For denaturation, the gel was transferred to 500 mis of 
0.4 M NaOH, 0.8 M NaCl, and soaked with constant agitation. The gel was 
neutralized in 500 mis of 0.5 M Tris HCl (pH 7.6) and 1.5 M NaCl with con­
stant agitation. The DNA was transferred to nitrocellulose filters 
(Schleicher and Schell) according to the procedure of Southern (1975) 
using lOxSSC as transfer buffer. After two days transfer, filters were 
washed gently in 3xSSC at room temperature, dried under a heat lamp, and 
baked in a vacuum oven at 80°C for two hours. 
Probe DNAs with specific activities of 1-5x10^ cpm/ug were prepared 
with [" P] dCTP (New England Nuclear) using a New England Nuclear nick 
translation kit.  Labeled probe DNA was separated from residual radio­
active nucleotides on a 29 cm long, 0.7 cm diameter column packed with 
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Sephadex G-100 (Pharmacia Fine Chemicals). The probe was denatured by 
boiling for 10 minutes and placed immediately on ice. 
Nitrocellulose filters containing blotted DNA were placed in Seal-N-
Save plastic bags (Sears) and incubated at 55°C in prehybridization 
solution contained 6xSCP, 1% sodium sarcosyl (Sigma), 5% dextran sulfate 
(Pharmacia Fine Chemicals), 50 ug/ml denatured calf thymus DNA (Sigma), 
and 100 ug/ml polyadenylic acid (Sigma) (IxSCP = 0.1 M NaCl, 30 mM 
disodium phosphate, and 0.5 mM NagEDTA, pH 6.2). Hybridizations with 
labeled probes were performed under the same conditions for 48 hours in a 
total volume of 15 mis. Filters were washed 6-8 times over 3-4 hours in 
200 mis 2xSSC, 0.1% SDS, at 65°C. Filters were blotted dry and exposed 
for 1-7 days at -70°C to Kodak X-Omat R film with a Dupont Cronex 
Lightning-Plus intensifying screen. 
To remove hybridized DNA, nitrocellulose filters were washed for 30 
minutes in 0.4 M NaOH, 0.8 M NaCl at room temperature with gentle shaking. 
The filters were neutralized in 0.5 M Tris HCl (pH 7.6), 1.5 M NaCl for 30 
minutes with shaking, and blotted dry. The washed filters were then ex­
posed to film for one week at -70°C with an intensifying screen to confirm 
that all the probe DNA had been removed. For hybridization with new 
probes, the filters were prehybridized and then hybridized as described 
above. 
9. Colony hybridization 
The procedure for colony hybridization was based on the methods of 
Grunstein and Wallis (1979). Colonies were placed on a sterile, 4.6 cm 
diameter membrane filter (0.45 um pore size, Millipore) using a sterile 
toothpick. The filter was placed onto a YM plate and incubated at 28°C 
for 2-4 days. The filter was then removed from the plate and placed, 
colonies side up, on four sheets of Whatman 3 MM absorbant paper soaked in 
0.5 M NaOH, 1.5 M NaCl, and 1% SDS, for 30 minutes. The filter was 
transferred to a filter block and sleeve (Millipore) designed to accommo­
date 4.6 cm diameter filters. Suction was applied by means of a water 
aspirator until the colony residue appeared dry (1-2 minutes). One-
hundred twenty ml of 1 M Tris HCl (pH 7.6) was poured through the filter 
in 30 ml aliquots, followed by 120 ml 1.5 M NaCl, 0.5 M Tris HCl (pH 7.6), 
and then by 120 ml 95% EtOH. Suction was continued until the filter was 
dry, after which the filter was placed in a vacuum oven at 80°C for two 
hours. Hybridizations were done as described under blotting and filter 
hybridizations. 
C. Results and Discussion 
1. Characterization of the R. japonicum R-plasmid transformant strains 
Colony hybridization is a method for the rapid detection of specific 
DNA sequences in bacteria. For this study, the colony hybridization pro­
cedure of Grunstein and Wall is (1979) was used; however, in applying this 
technique to R. japonicum it  was necessary to make some modifications. 
R. japonicum cells are extremely difficult to lyse. For this reason, in­
stead of using 10 minutes in 0.5 M NaOH, 1.5 M NaCl, as was done by 
Grunstein and Wall is for E. coli,  i t  was necessary to extend the high pK 
lysis step to 30 minutes. In addition, 1% SDS was added to the solution 
to enhance lysis of the R. japonicum colonies. Figure 12 shows colonies 
1. R. japonicum 61A76 (RPl)-4 
2. R. japonicum 61A76 (RPl)-5 
3. R. japonicum 61A76 (RPl)-7 
4. R. japonicum 61A76 (RP1)-14 
5. R. japonicum USDA 31 (RPl)-2 
5. A. tumefaciens A277 (RP4) 
7. R. japonicum 61A76 
8. R. japonicum 110 (RP4)-1 
9. R. japonicum 110 (RP4)-2 
10. R. japonicum 110 (RP4)-3 
11. R. japonicum 110 (RP4)-4 
12. R. japonicum 110 (RP4)-5 
13. R. japonicum 110 (RP4)-6 
14. R. japonicum 110 (RP4)-7 
15. A. tumefaciens kill (RP4) 
16. R. , japonicum 110 
Figure 12. Hybridization of ^^P-labeled RPl plasmid DNA to colonies 
of R. japonicum and A. tumefaciens 
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of several R. japonicum strains, as well as a strain of A. tumefaciens 
32 
containing the plasmid RP4, which were hybridized to a P-labeled probe 
of RPl plasmid DMA, Little or no hybridization of the R-plasmid probe was 
observed with colonies of the parent R. japonicum strains. Hybridization 
of the R-plasmid probe was observed with all of the R^. japonicum 110, 
51A76, and USDA 31 R-plasmid transformant strains tested. These results 
confirm the presence of R-plasmid DNA in the R. japonicum transformant 
strains. However, i t  is worth noting that the amount of hybridization ob­
served with the R. japonicum R-plasmid colonies was much less than that ob­
served with colonies of A. tumefaciens Kill (RP4). It  is possible that 
this disparity in the intensity of hybridization was due to a relatively 
low frequency of cell lysis in the R. japonicum colonies and a relatively 
high frequency of cell lysis in the A. tumefaciens colonies. A greater 
frequency of lysed cells would result in more DNA available for hybridi­
zation in the A. tumefaciens colonies. Another possibility is that R-
plasmid DNA is present in a lower copy number in the R. japonicum trans­
formant strains than in A. tumefaciens A277 (RP4). 
As further test for the presence of R-plasmid DNA in the transformant 
strains, DNA was isolated, and agarose gel electrophoresis done, on five 
isolates of strain USDA 31 (RPl). Surprisingly, no R-plasmid band was 
found in any of the transformant strains. All five 110 (RP4) transform-
ants tested possessed a 150+7 Mdal resident plasmid (Figure 13) as 
described by Russell and Atherly (1982). The 61A76 and USDA 31 parental 
strains were found to contain a large resident plasmid of approximately 
165 MDAL; however, the 61A76 (RPl) and USDA 31 (RPl) transformant strains 
had a plasmid of higher molecular weight (Figure 14). In order to 
Figure 13. Agarose gel electrophoresis of plasmid DNA isolated from (A) JE. coli JS3 (RP4) with a 
36 Mdal plasmid; (b) R. .japonicum 110 with a 180 Mdal plasmid; (C-G) R. japonicum 110 
(RP4) transformants with 180 Mdal plasmid; (H) A. tumefaciens A277 (RP4) with a 320 Mdal 
cryptic plasmid. a 120 Md.il Ti plasmid, and a 36 Mdal RP4 plasmid 
<5 
f i û l  
I 
igure 14. Agarose gel electrophoresis of plasmid DNA isolated from (A) E. coli EL401 (RPl)- (B) 
R. jaEC-nicum USDA 31; (C) R. japonicum USDA 31 (RPl)-2; (D) DNA~fï^m B and C. mixed 
and run together; (E) R. japonicum 61A76 (RPl)-4; (F) R. japonicum 61A76; fG) R. 
japonicum 61A76 (RPl)-5; (h) R. japonicum 61A76 (RP1)-14; (I) DNF'from F and G," 
mixed and run together 
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accurately calculate the difference in plasmid size in the 61A76 and USDA 
31 parental and transformant strains, a series of eight size-determination 
gels were run. Plasmid molecular weights were determined by comparisons 
with large plasmids of known molecular weights from A. tumefaciens A277 
(Casse, et al. ,  1979; Sciaky, et al. ,  1978), R. meliloti 102F51 (Casse, 
et al. ,  1979), and R. phaseoli DBl (D. Berryhill,  University of North 
Dakota, Fargo, ND, personal communication). Two of the size determination 
gels are shown in Figures 15 and 16. The resident plasmid in R. japonicum 
strain 61A76 was calculated to be 167± 7 Mdal. The plasmid of strain USDA 
31 was 164±4 Mdal. The plasmids in the 61A76 and USDA 31 RPl transformant 
strains were found to be 206±8 Mdal. The large plasmid in the transformant 
strains differs in size from the parental plasmid by 39±6 Mdal for both 
61A76 and USDA 31 transformant strains. Interestingly, this corresponds to 
the size of the plasmid RPl (Jacob, et al. ,  1973). From the genetic 
studies reported earlier (Section III) and from the colony hybridization 
data, R-plasmid DNA was known to be present in the transformant strains. 
However, no free R-plasmid was found in any of the transformants by agarose 
gel electrophoresis. Therefore, i t  is surmised from these results that the 
R-plasmid DNA was integrated into the genome of the R. japonicum trans­
formant strains. 
The fact that the resident plasmid of the R. japonicum 51A75 (RPl) 
and USDA 31 (RPl) strains had increased in size over the plasmid in the 
parental strains by a factor corresponding to the transforming R-plasmid 
DNA would suggest that a cointegrate plasmid had been formed. Cointe-
grates of plasmid RP4 and the Ti plasmid of A. tumefaciens have been re­
ported (Klapwijk, et al. ,  1975). In this case, the cointegrate would 
Figure 15. Agarose gel electrophoresis of plasmid DNA isolated from (A) 
R. meliloti 102FS1 containing a 100 Mdal plasmid; (B) A. 
tumefaciens A277 with the Ti plasmid of 120 Mdal and a large 
cryptic plasmid of 300 Mdal, mixed with purified RPl DNA; 
(C) R. phaseoli DBl with two plasmids of 166 Mdal and 248 
Mdal; (D) R. japonicum USDA 31 with a plasmid of 164+4 MDal; 
(E) USDA 31 (RPl)-2 containing a 208+8 Mdal plasmid; (F) 
DNA from D and E mixed and run together to show a double 
band 

Figure 16. Agarose gel electrophoresis of plastnid DNA isolated from (A) 
A. tumefaciens A277 (RP4) containing a 320 MDal cryptic plas-
mid, a 120 Mdal Ti plasmid, and a 36 Mdal R-plasmid; (B) R. 
phasedi DBl containing two plasmids of 166 Mdal and 248 Mdal; 
(C) 61A76 plasmid DNA mixed with 51A76 (RPl)-5 plasmid DNA to 
show two bands of 167+7 Mdal and 203+7 Mdal; (D) USDA 31 con­
taining 164+4 Mdal plasmid; (E) R. meliloti 102FS1 with a 
100 Mdal plasmid 
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consist of the plasmid RPl and the large resident R. japonicum plasmid. 
With this in mind, R. japonicum plasmids visualized on agarose gels were 
transferred to nitrocellulose paper according to the methods of Southern 
32 (1975) and hybridized to a P-labeled RPl plasmid probe. Contrary to 
expectations, no hybridization of RPl to plasmid DNA was observed in 
either the parental or tranformant R. japonicum strains. Therefore, the 
larger plasmid in strains 61A76 (RPl) and USDA 31 (RPl) did not result 
from the integration of RPl into the resident R. japonicum plasmid. 
In order to more accurately locate the R-plasmid DNA in the trans­
formants, total DNA (plasmid and chromosomal) was isolated from 
japonicum strain 61A76 and from two 61A76 (RPl) isolates. The DNA was 
digested with EcoRi restriction enzyme and the resulting DNA fragments 
were separated by agarose gel electrophoresis. The restriction digests 
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were then transferred to nitrocellulose paper and hybridized to a P-
labeled RPl plasmid probe. Plasmid RPl contains a single EcoRI cut site 
(Jacob, et al. ,  1973); therefore, i t  would be expected that two bands of 
hyDridization shoula appear if the R-plasmid had integrated into host DNA. 
As seen in Figure 17, two bands were present in the EcoRi digest of total 
DNA from the two 61A76 (RPl)  isolates which hybridized to the RPl plasmid 
probe. Also, the RPl probe was found to hybridize to additional EcoRI 
DNA restriction fragments in each strain, but less intensely. No hybridi­
zation was observed in the 61A76 parent strain. Thus, while no hybridiza­
tion of the RPl probe was observed to purified R. japonicum strain 61A76 
(RPl)  plasmid DNA, hybridization was observed to total DNA (plasmid and 
chromosomal). It  can be concluded from these results that the R-plasmid 
Figure 17. Hybridization of ^^P-labeled RPl DNA to EcoRI restriction 
digests of total DNA isolated from (A) R, japonicum 61A76; 
(C) 61A76 {RPl)-4: (E) 61A75 (RP1)-14. Lanes B, D, and F 
show corresponding audioradiograms after transfer of the DNA 
to nitrocellulose paper and hybridization to the RPl probe. 
Note the two bands of hybridization in lanes D and F 
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DNA had integrated into the R. japonicum chromosome, or possibly into a 
resident plasmid too large to purify by the plasmid isolation procedure 
used. In either case, the R-plasmid apparently integrated into identical 
sites in the two 61A76 (RPl) transformant isolates. 
In order to determine where the additional 40 Mdal of plasmid DNA in 
the transformant strains 61A76 (RPl) and USDA 31 (RPl) originated, plasmid 
DNA from 61A76 and USDA 31 parent and transformant strains was purified 
and digested with BamHI or EcoRI restriction endonucleases. The resulting 
DNA fragments were transferred to nitrocellulose paper and hybridized to 
^^P-labeled probes of strains 61A76 plasmid, 51A76 (RP1)-14 plasmid, or 
61A75 total (plasmid and chromosomal) DNA. Figure 18 shows BamHI restric­
tion endonuclease digest of plasmid DNA isolated from strains 61A76, 61A76 
(RP1)-14, and USDA 31 (RPl)-2 which were hybridized to various DNA probes. 
It  can be seen from the data presented that the BamHI fragments of plasmid 
DNA from the parent and transformant strains had very different digest 
patterns (restriction endonuclease digest of wild-type 61A76 and USDA 31 
plasmids are identical, see Section V, Figure 27). However, the BamHI 
digest of plasmid DNA isolated from the two transformant strains 61A76 
(RP1)-14 and USDA 31 (RPl)-2 were identical, but different than strain 
51A76 or USDA 31. In addition, there were eight bands present in the 
BamHI digest of the 61A76 (RP1)-14 and USDA 31 (RPl)-2 plasmids which 
hybridized strongly to total 61A75 DNA but which hybridized weakly or not 
at all to 61A76 plasmid DNA. Similar results were found in an EcoRI di­
gest of strain 51A76 (RP1)-14 plasmid DNA (Figure 19). The pattern of 
EcoRI plasmid DNA fragments in the parent and transformant strains was 
Figure 18. Hybridization of ^^P-labeled DNA probes to BamHI restriction digests of plasmid DNA 
isolated from (1) R. japonicum 61A76; (2) 61A76 (RP1)-14; (3) USDA 31 (RPl)-2. 
The probe DNAs were (AM'l"A76~total DNA; (B) 61A76 plasmid DNA; (C) 61A76 (RP1)-14 
plasmid DNA. Arrows show restriction fragments which hybridize strongly to 61A76 
total DNA and to 61A76 (RF'1)-14 plasmid DNA but weakly or not at all to 61A76 plasmid 
DNA 
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Figure 19. Hybridization of P-labeled DNA probes to EcoRI digest of 
plasmid DNA isolated from japonicum 61A76 (RP1)-14 and from 
the parent strain 61A76. Probe DNAs were; A and D, 51A76 
total DNA; B and E, 61A76 plasmid DNA; C and F, 61A76 
(RP1)-14 plasmid DNA. Arrows show restriction fragments of 
61A76 (RP1)-14 plasmid DNA which hybridize strongly to 61A75 
total DNA and to 61A76 (RP1)-14 plasmid DNA but weakly or 
not at all to 61A76 plasmid DNA 
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very distinct, and five EcoRI fragments of strain 61A76 (RP1)-14 plasmid 
DNA were found which hybridized strongly to total DMA but weakly or not 
at all to 61A76 plasmid DNA. These results demonstrate that there is a 
section of chromosomal DNA present in the resident plasmid of the 
japonicum 61A76 and USDA 31 RPl transformants. Because the BamHI restric­
tion digests of plasmid DNA in the two transformants are identical, it is 
apparent that the same section of chromosomal DNA is present in the 
plasmids of the two transformant strains. It is likely that a 40 Mdal 
segment of chromosomal DNA transposed into the large 165 Mdal japonicum 
plasmid, giving rise to a larger 206 Mdal plasmid in the transformant 
strains. 
The stability of the rearranged plasmid in the transformant strains 
was tested through a cycle of modulation. As described in Section III, 
both the parent and transformant strains formed nodules on the roots of 
hydroponically grown soybeans and on plants grown in soil. Plasmid DNA 
was purified from the bacteria isolated from nodules induced by either 
parental or transformant strains. The plasmid present in bacterial cells 
isolated from nodules was found to be of the same molecular weight as that 
present in the strain used for infection, both with hydroponically-grown 
soybeans (Figure 20) or with plants grown in soil (Figure 21). This indi­
cates that the section of chromosomal DNA present in the plasmid of the 
transformant strains was stable during the nodulation process. 
The discovery of a genome rearrangement such as the one described 
here is not without precedent in R. japonicum. Recent evidence has sug­
gested that the genome of japonicum is unstable and that 
Figure 20. Agarose gel electrophoresis of plasmid DNA purified from R. 
japonicum strains isolated from the root nodules of 
hydroponically-grown soybeans. (A) A. tumefaciens A277; 
(B) R. japonicum 61A76 (RPl)-4, nodule isolate; (C) 61A75 
(RP1T-5, nodule isolate; (D) 61A76, nodule isolate; (E) 
61A76 (RP1)-14, nodule isolate; (F) 51A75 (RP1)-14, from 
stock culture 
Figure 21. Agarose gel electrophoresis of plasmid DNA purified from 
japonicum cells isolated from the root nodules of soil-grown 
soybeans. (A) USDA 31, nodule isolate; (B) USDA 31 (RPl)-2, 
nodule isolate; (C) 51A75, nodule isolate; (D) 61A76 + 
61A75 (RPl)-4, both nodule isolates; (E) 61A76 (RPl)-4, 
from stock culture 
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recombinational events between plasmid and chromosomal DNA may be frequent 
occurrences (Cantrell, et al., 1982; Haugland and Verma, 1981). An im­
portant question which arises in this case is the cause of the rearrange­
ment. One possible explanation is that the reorganization of plasmid and 
chromosomal DNA in the transformants was a result of spheroplast formation 
or regeneration. However, the larger 106 Mdal plasmid of the transformant 
strains was not observed when plasmid DNA was isolated from cells re­
generated from spheroplasts which had not been transformed with R-plasmid 
DNA. In addition, the 110 (RP4) tranformants did not possess a plasmid of 
higher molecular weight than found in the parent 110 strain, suggesting 
that the genome rearrangement observed is not a characteristic of all R. 
japonicum strains. It is likely that the reorganization of plasmid and 
chromosomal DNA was a result of the introduction of foreign DNA into 
japonicum strains 61A76 and USDA 31. It is interesting that the resident 
R. japonicum plasmid increased in size by a factor corresponding to the 
introduced RPl plasmid. It is also worth noting that the same section of 
chromosomal DNA was apparently carried by the resident plasmid of the two 
61A76 transformant strains and that the RPl plasmid appears to have inte­
grated at the same location in the two strains. Calculations of plasmid 
molecular weight determined by adding the molecular weights of BamHI or 
EccRI restriction endonuclesse fragments confirmed that the plasmid of the 
parental R. japonicum 61A75 and USDA 31 strains was 160-170 Mdal in size, 
while the plasmid of the transformant strains was between 200 and 210 
Mdal. Possibly the correlation in size of RPl and the amount of increase 
in the resident R^. japonicum plasmid was coincidental. However, i t  is 
110 
tempting to speculate that the 40 Mdal RPl plasmid integrated at a spe­
cific location in the transformant strains, and that a 40 Mdal section of 
chromosomal DNA was displaced at that site. The displaced section of 
chromosomal DNA could then have become incorporated into the resident 
plasmid of R. japonicum strains 51A76 and USDA 31. 
2. Characterization of the pTi transformants 
Analysis of plasmids present in the Ti plasmid transformants of 
strain 61A76 showed a new plasmid (in addition to the endogenous 155 Mdal 
plasmid of strain 61A76) with a molecular weight of 145+5 Mdal. Lane A of 
Figure 22 shows the presence of two plasmids in A, tumefaciens strain A277 
(Ti at 120 Mdal and the cryptic plasmid at 320 Mdal). Lane F shows the 
purified Ti plasmid used to transform R. japonicum strains 61A76. Lanes B 
and C show two different transformants of strain 61A76 able to yrow on 
octopine; and, finally, lane D shows the transformant combined with puri­
fied Ti plasmid DNA. It can be seen that the new plasmid present in the 
I  I-tf 'àriSfùr'Miârit Strau'iS IS SmàMêi" tnafi the cndûycnOUS ùlA7G plâSmlu SPid 
larger than the Ti plasmid. 
An interesting feature of the new 145 Mdal plasmid is that it was 
rapidly lost when the R_. japonicum 61A76 (Ti) strains were removed from 
minimal medium containing octopine as a sole carbon and nitrogen source 
and placed in TY rich medium. Figure 23 shows the effects of removing 
octopine selection pressure from these strains. Lane A shows two plasmids 
present in 61A76 (Ti)-2 after three generations in TY liquid medium. Lane 
B shows a relatively smaller amount of the 145 Mdal plasmid present after 
10 generations in TY medium. Lanes C and D show even lesser amounts of 
Figure 22. Agarose gel electrophoresis of olasr.id DNA isolated from (a) 
A. tumefaciens strain A277; (b) and (e) Ti DNA transformant 
of japonicum strain 51A76; (c) japonicum strain 61A76; 
(d) Ti DNA transformant of R. japonicum strain 61A76 plus 
purified Ti DNA from A. tumefaciens strain A277; (e) purified 
Ti plasmid DNA from strain kill  
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Figure 23. Agarose gel electrophoresis of plasmid DNA isolated from R^. japonicum 61A76 (Ti)-2 after 
the cells were removed from cctopine minimal medium and placed in TY rich medium after 
various lengths of time. (A) R. japonicum 61A76 (Ti)-2 after three generations in TY 
medium; (B) after 10 generations; (C) after 16 generations; (D) after 22 generations; 
(E) after 28 generations; (F) 61A76 (Ti)-2 cells grown for 22 generations in TY medium 
and returned to octopine minimal medium 
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the 145 Mdal plasmid present after 16 and 22 generations, respectively. 
No trace of the smaller plasmid could be seen after 28 generations in TY 
medium (lane E). When strain 61A76 (Ti)-2 cells were grown for 22 genera­
tions in TY medium (lane D) and were placed back onto octopine medium, the 
145 Mdal plasmid was again present in amounts equal to the 61A76 resident 
plasmid (lane F). These results demonstrate that the 145 Mdal plasmid 
present in the 61A76 (Ti) strains is not stable and that selective 
pressure (octopine as the only source of carbon and nitrogen) is required 
for its continued maintenance in the transformant strains. 
In order to determine if Ti plasmid DMA was present in the trans­
formant strains, a series of hybridization experiments was conducted. 
32 Hybridization of a P-labeled Ti-plasmid probe to transformant and 
parental colonies produced ambiguous results, with the Ti plasmid probe 
often hybridizing strongly to colonies of the parent strain 61A76 as well 
as to colonies of the transformant strains. Purified plasmid DNA from 
parent and transformant strains was separated on an agarose gel, trans­
ferred to nitrocellulose paper and hybridized to purified labeled Ti-
plasmid DNA. No hybridization of the Ti-plasmid probe was observed either 
to the 165 Mdal endogenous japonicum plasmid (pRj61A76a) or to the 
145 Mdal plasmid (pRj61A76b) present in the Ti transformant strains. 
Therefore, the new 145 Mdal plasmid present in the transformants was not 
composed of Ti-plasmid DNA. Hybridizations of Ti-plasmid DNA to total 
(plasmid and chromosomal) DNA digested with EcoRI revealed several frag­
ments in both the parent and transformant strains which hybridized to the 
Ti plasmid probe (Figure 24). However, there were five fragments showing 
Figure 25. Hybridization of P-labeled total DNA to BamHI digests of 
japonicum plasmid DNA. (A) 61A76 plasmid hybridized to 
strain 61A76 total DNA; (B) 61A76 (Ti)-2 plasmid hybridized 
to labeled strain 61A76 total DNA; (C) 61A76 (Ti)-2 plasmid 
hybridized to labeled strain 61A76 plasmid DNA; (D) 61A76 
(RP1)-14 plasmid DNA hybridized to labeled strain 61A76 total 
DNA. Arrows show fragments of the 61A75 (Ti)-2 plasmid which 
hybridize strongly to 51A76 total DNA but weakly to 61A76 
n1 acm-T ri HMÛ 
117 
B C D E 
118 
hybridization to the Ti plasmid probe in the EcoRI digest of total DNA 
from the transformant strains which were not present in the total DNA of 
the parent strain 61A76. These bands add up to approximately 29 Mdal in 
size, indicating that they represent only a small segment of the 120 Mdal 
Ti plasmid. From these results it can be concluded that only a small 
section of Ti plasmid became established in the transformant strains, and 
that the segment was chromosomally integrated. Because plasmids isolated 
from the 61A76 Ti-transformant strains did not contain sequences homolo­
gous to Ti plasmid DNA, there is no apparent reason why the new, 145 Mdal 
plasmid of the transformant strains was rapidly lost when the cells were 
cultured in Ti rich medium. Apparently, there is genetic information 
carried by the 145 Mdal plasmid which is essential to octopine utilization 
by the 51A76 Ti-transformant strains. Possibly, there is an interaction 
of genes present on the 145 Mdal plasmid and Ti plasmid sequences inte­
grated into the chromosome of the R_. japonicum 61A76 Ti-transformants 
which allows these bacteria to utilize octopine as a sole carbon and 
nitrogen source. 
Three of the five EcoRI fragments of Total DNA from the Ti-
transformant strains which hybridized to the Ti plasmid probe were identi­
fied by comparison with an EcoRI digest of purified Ti plasmid (Figure 24). 
The location of each fragment on the Ti plasmid map was determined from a 
structural and functional map of the plasmid pTiACHS (DeGreeve, et al., 
1981; De Vos, et al., 1981), which is identical to the plasmid pTiB5-805 
used in these studies (Prakash and Schilperoort, 1982). Two of the hybrid­
izing fragments present in the transformant strains corresponded to EcoRI 
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fragments 2 and 4 of pTiB6-806, while a third band corresponded to EcoRI 
fragment 8 of pTiB6-806. The EcoRI fragments 2 and 4 contain the viru­
lence region of pTiB6-806. The region, although it does not contain the 
T-DNA essential for tumorigenesis, contains other genes essential for 
tumor formation and maintenance. The EcoRI fragment 8 contains the genes 
responsible for octopine catabolism. Fragments 2 and 4 lie next to each 
other on the Ti plasmid map; however, fragment 8 occupies a total 
separate region of the Ti plasmid. It is easy to see why fragment 8, 
carrying the octopine catabolism genes, should be present in the trans­
formant strains, as octopine utilization was the phenotype selected for. 
It is not so clear why the unselected virulence region should be present. 
It is known that the virulence region of the Ti plasmid shares consider­
able homology with plasmid DNA of fast-growing Rhizobium species (Prakash 
and Schilperoort, 1982), suggesting that some virulence-associated func­
tions could be similar in Rhizobium and Agrobacterium. Therefore, it is 
possible that the presence of the Ti plasmid EcoRI fragments 2 and 4 in 
the 61A76 Ti-transformant strains was the result of a site-specific re-
combinational event. 
Of the other two hybridizing EcoRI fragments from the 51A75 Ti-
transformant strains (Figure 24, unlabeled arrows), one could have corres­
ponded to pTiB5-806 EcoRI fragments 11, 12, or 13 (these fragments are all 
of similar size), while the other fragment did not correspond to any 
EcoRI fragment of pTiB5-805. It is likely that the latter fragment con­
tained a section of japonicum chromosomal DNA, thus altering its 
molecular weight. It will be necessary to conduct further mapping 
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studies, using other restriction enzymes, in order to accurately define 
these two Ti plasmid EcoRI fragments. 
In order to determine the origin of the new 145 Mdal plasmid, the two 
plasmids of strain 61A76 (Ti)-2 were isolated (with about an equal ratio 
of pRj61A76a and pRj61A76b in the solution), cut with BamHI restriction 
endonuclease, and compared with BamHI digest of plasmid DNA isolated from 
the parent strain 61A76 (containing only pRj61A76a). Because large scale 
plasmid isolations require that one liter of japonicum cells be grown 
in Ti liquid medium, and because the 145 Mdal plasmid of 61A76 (Ti)-2 is 
lost during prolonged growth in Ti medium, it was necessary to grow up and 
combine four smaller, 250 ml cultures of the transformant strain. If the 
cells were grown in one liter of Ti medium from a light inoculation, the 
final plasmid isolate would contain about 90% of the larger (165 Mdal) 
plasmid DNA and only about 10% of the smaller (145 Mdal) plasmid DNA. By 
combining the cells grown in smaller volumes, approximately equal amounts 
of the two plasmids could be isolated (amounts of plasmid DNA were esti­
mated by visualizing plasmid bands on ethidium bromide stained agarose 
gels). 
As seen from the data in Figure 25, the BamHI digest of the two 
plasmids present in strain 51A76 (Ti)-2 resulted in a pattern of restric­
tion fragments very different from a BamHI digest of 61A76 plasmid DNA 
(compare lanes A and B of Figure 25). This is surprising in view of the 
fact that the larger plasmid of strain 61A76 (Ti)-2 is of the same molecu­
lar weight as the endogenous plasmid of the parent strain 61A75. When the 
molecular weights of the BamHI fragments of strain 61A76 (Ti)-2 plasmid 
Figure 25. Hybridization of P-labeled total DNA to BamHI digests of 
japonicum plasmid DNA. (A) 61A76 plasmid hybridized to 
strain 61A76 total DNA; (B) 61A76 (Ti)-2 plasmid hybridized 
to labeled strain 61A76 total DNA; (C) 61A76 (Ti)-2 plasmid 
hybridized to labeled strain 61A76 plasmid DNA; (D) 61A76 
(RP1)-14 plasmid DNA hybridized to labeled strain 61A76 total 
DNA. Arrows show fragments of the 61A76 (Ti)-2 plasmid which 
hybridize strongly to 61A76 total DNA but weakly to 61A76 
plasmid DNA 
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DNA are added, a value of 200-210 Mdal is derived. If the molecular 
weights of the two intact plasmids present in the transformant are added, 
a value of approximately 310 Mdal is derived. This disparity can be 
accounted for if it is assumed that extensive regions of the 165 Mdal 
plasmid are duplicated in the 145 Mdal plasmid. If the two plasmids 
share identical BamHI recognition sites, then each plasmid will produce 
identical restriction endonuclease fragments. It is likely that the 145 
Mdal plasmid of strain 61A76 (Ti)-2 is a smaller version of the 155 Mdal 
plasmid also present in this strain. Few bands were found in the BamHI 
digest of 61A76 (Ti)-2 plasmid DNA which corresponded directly to bands 
present in a BamHI digest of 61A76 plasmid DNA (lanes A and B, Figure 25). 
Therefore, it is concluded that the 165 Mdal plasmid of the transformant 
is not the same structurally as the 165 Mdal plasmid of the parent strain 
51A76. 
Interestingly, the BamHI plasmid DNA fragments of strain 61A76 (Ti)-2 
are almost identical to those of strain 61A76 (RP1)-14 and strain USDA 31 
(RPl)-2 (Figure 25, lane D). In addition, there are seven bands in the 
strain 51A76 (Ti)-2 plasmid digest which hybridize strongly to total 61A76 
DNA but which hybridize weakly to 61A75 plasmid DNA. These data suggest 
that there are chromosomal sequences present in the plasmids of strain 
61A76 (Ti}-2. The fact that the 61A76 (Ti)-2, 61A76 (RP1),-14, and USDA 31 
(RPl)-2 BamHI plasmid DNA restriction digest were so similar strongly 
indicates that the same segment of chromosomal DNA was involved in each of 
these genome rearrangements. In each case, the rearrangement apparently 
occurred as a response to the introduction of foreign DNA. In the case of 
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the RPl transformants, the incorporation of chromosomal DNA into the 
endogenous japonicum plasmid resulted in the formation of a new, 
larger plasmid. In the strain 61A76 (Ti) transformants, the incorpora­
tion of chromosomal DNA into the endogenous plasmid resulted in the forma­
tion of two new and nearly identical plasmids. The difference between 
the two types of transformants is that in the RPl strains the plasmid 
rearrangement was stable, while in the Ti strains the plasmid rearrange­
ment was not stable. These results suggest that there is a specific 
section of chromosomal DNA which is capable of recombining with and re­
organizing the endogenous plasmid of R. japonicum strains 6iA76 and USDA 
31. It is possible that the movable sequence(s) of chromosomal DNA re­
sponsible for these rearrangements are analogous to translocatable ele­
ments present in other bacterial species. 
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V. A COMPARISON OF R. JAPONICUH STRAINS 
61A76, USDA 31, AND 110 
The taxonomy of the genus Rhizobium is currently based on the sym­
biotic properties of the bacteria, with six species recognized. Although 
most fast-growing Rhizobium species are limited in their host range, 
many strains of slow-growing R. japonicum are capable of effectively 
nodulating a number of legumes normally nodulated by other slow-growing 
rhizobia (Elkan and Usanis, 1971), Recent DNArDNA hybridization studies 
have indicated that within the species R. japonicum there are at least 
three distinct homology groups (Mollis, et al., 1981). The three groups 
show very low cross-homology between their DNA sequences but are charac­
teristically R. japonicum. The genus Rhizobium is also quite variable 
in terms of plasmid content, with most strains showing a plasmid or 
plasmids but usually of different molecular weight (Gross, et al., 1979; 
Russell and Atherly, 1982). In contrast, some strains possess no de­
tectable plasmid DNA (Cantrell, et al., 1982; Haugland and Verma, 1981). 
Serological profiles of R. japonicum reveal a great amount of antigenic 
diversity within the species (Mollis, et al., 1981). Taken together, 
these findings indicate that the species R. japonicum consist of a very 
diverse group of bacteria. 
During the course of t h i s  dissertation research, three strains of 
R. japonicum were used: 51A75, USDA 31, and 110. Strains 51A75 and 
USDA 31 were each found to possess an endogenous plasmid of approximately 
108 Mdal (Figure 26, lanes A and D). However, strain 110 obtained from 
E. Schmidt (University of Minnesota, St. Paul, MN) did not contain an 
Figure 26. Agarose gel electrophoresis of plasmid DNA isolated from (A) 
R. japonicum strain 110, with a 180±7 Mdal plasmid; (B) and 
To) R. japonicum strain 61A76 with a 167±7 Mdal plasmid; (C) 
R. .japonicum strain USDA 31 containing a 154±4 Mdal plasmid; 
Te) japonicum 3I1B110, with no detectable plasmid DNA 
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isolatable plasmid (Figure 26, lane E). Repeated attempts to purify 
plasmid DNA from strain 110 obtained from E. Schmidt were all unsuccessful. 
It was unusual to find two strains of japonicum, 61A76 and USDA 31, 
which contained a similar sized plasmid. Strains 61A76 and USDA 31 are 
considered to be separate strains of R. japonicum, at least in terms of 
not sharing a common origin. Strain 61A76 was originally isolated from 
a Mississippi soybean field in 1943 (Joe Burton, Nitragin Corporation, 
Milwaukee, WI, personal communication), while strain USDA 31 was iso­
lated from a field in Wisconsin in 1941 (H. Keyser, USDA, Beltsville, 
MO, personal communication). In order to better characterize 
.japonicum strains 61A76 and USDA 31, plasmid DNA was isolated from 
each strain, cut with restriction endonucleases and transferred to 
nitrocellulose paper for hybridization studies. Figure 27 shows EcoRI 
and BamHi endonuclease digests of plasmid DNA isolated from the two 
strains. Lane A shows the strain 61A76 plasmid cut with EcoRI and 
hybridized to a ^^P-labeled probe of plasmid DNA from strain USDA 31. 
Lane B shows an EcoRI digest of strain USDA 31 plasmid DNA hybridized to 
a strain 61A76 plasmid probe. The EcoRI fragments from each plasmid are 
identical. In addition, every fragment of the strain 51A76 plasmid shows 
hybridization with the strain USDA 31 plasmid probe, and vice versa. The 
same results were obtained for BamHI digest of plasmid DNA from strains 
61A76 and USDA 31. The patterns of BamHI fragments were identical, and 
all of the fragments in one strain cross-hybridized with a plasmid probe 
from the other strain. These results demonstrate that the strain 51A76 
plasmid and the strain USDA 31 plasmid share considerable structural 
similarity and sequence homology. It is also worth noting that the 
genome rearrangements associated with each plasmid in response to the 
Figure 27. Hybridization of P-labeled DNA probes to EcoRI and BamHI 
digests of R. japonicum plasmid DNA. (A) Strain 61A76 plasmid 
DNA digested with EcoRI and hybridized to strain USDA 31 
plasmid DNA; (B) Strain USDA 31 plasmid DNA digested with 
EcoRI and hybridized to strain USDA 31 plasmid DNA; (C) 
Strain 51A75 plasmid DNA digested with BamHI and hybridized 
to strain USDA 31 plasmid DNA; (D)Strain USDA 31 plasmid 
DNA digested with BamHI and hybridized to strain 61A76 plasmid 
DNA 
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introduction of RPl plasmid DNA by spheroplast transformation were identi­
cal (Section IV). It is highly probable that the same plasmid is present 
in R. japonicum strains 51A75 and USDA 31. 
In addition to plasmid structure and homology, japonicum strains 
51A76 and USDA 31 display other similarities. Both strains were found to 
reduce acetylene in vitro on slants of Keister's agar (Keister, 1975) at 
similar rates (Section III, Figure 9). In addition, the two strains are 
in the same serogroup (Section III, Table 3; and Mollis, et al., 1981). 
The fact that the bacteria were isolated at separate locations does not in 
itself imply that they must be separate strains. In view of the many 
similarities between strains 61A76 and USDA 31, it may be worthwhile to 
consider them as the same R. japonicum strain. 
It has been found by several workers that R. japonicum strain 110 
does not contain isolatable plasmid DNA (Cantrell, et al., 1982; Haugland 
and Verma, 1981). It was therefore surprising to find a 180 Mdal plasmid 
in the 110 strain obtained from T. Loynachan. For the purposes of this 
discussion, the strain which does not contain a plasmid will be referred 
to as 3I1B110 (after the USDA strain designation) and the strain possess­
ing a plasmid will be referred to as 110 (sort of a nickname). Both 
strains were originally derived from the USDA Rhizobium culture collection 
in Beltsville, Maryland. It is unlikely that 110 was a contaminating 
strain of R. japonicum, as both 110 and 3I1B110 were serologically identi­
cal (E. Schmitt, University of Minnesota, St. Paul, MN, personal communi­
cation) and both produced brown pigment on YM agar (pigment production is a 
characteristic of 3I1B110). It is possible that the plasmid present in 110 
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represents a genomic rearrangement of 3I1B110. Haugland and Verma (1981) 
found that  DNA sequences which were plasmid-borne in R. japonicum strains 
61A76 and 61A24 were located on chromosomal DNA in strain 3I1B110. 
Cantrell ,  et  al .  (1982) recently discovered two plasmids in three spontane­
ous,  nonrevertable Hup" mutants of the Hup* strain SR. The parent strain 
SR did not contain isolatable plasmids.  If  genome rearrangements are 
common occurrences in . japonicum, then i t  is  l ikely that  genomic re­
organizations could result  in the formation of a new plasmid. 
I t  is  worth noting that  there are some phenotypic differences between 
strains SIlBiiO and 110. Strain 110 was found to reduce acetylene at  
relatively high rates (when compared with strains 61A75 or USDA 31) on 
agar slants of Keister 's  medium (Section III ,  Figure 9);  however,  3I1B110 
displayed no detectable nitrogenase activity under these in vitro condi­
t ions.  In addition,  strain 110 was found to be Hup ,  while strain 3I1B110 
was found to be Hup* (P.P.  Russell ,  personal communication).  I t  is  
interesting that  the plasmid containing derivatives of strain SR reported 
by Cantrell ,  et  al .  (1982) were also Hup", leading these workers to 
speculate that  al l  plasmid containing R. japonicum lack hydrogenase 
activity.  
I t  is  apparent from this discussion that  there is  a considerable 
amount of work to be done before an understanding of Rhizobium taxonomy 
is  reached. Within the species R. japonicum a great  deal of diversity 
is  known to exist .  In the cases reported here,  two R. japonicum strains 
with very different origins were found to be similar enough to possibly 
warrant their  being considered as a single strain.  On the other hand, 
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two isolates of a single strain with a common origin,  110, displayed 
enough differences that  i t  would be very difficult  to consider them as a 
single strain.  Clearly,  i t  would not be possible at  this t ime to make 
any generalizations or conclusions about the interrelatedness of the 
various strains of R. japonicum. 
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VI. DISCUSSION 
Protoplasts of gram-posit ive bacteria have recently been uti l ized in 
several  genetic studies;  however,  there have been few reports dealing with 
gram-negative species (Coetzee,  et  al . ,  1979; Tsenin,  et  al . ,  1978).  The 
experiments described here demonstrate that  spheroplasts of R. japonicum 
can be formed and used as means of introducing foreign DNA into this 
species.  In a bacterium such as japonicum. in which established sys­
tems of gene transfer work poorly or not at  al l ,  the use of spheroplasts 
can be a worthwhile al ternative.  
The frequency of transformation of R. japonicum was low (10~ ) ,  and 
attempts to optimize the transformation procedure never resulted in a fre­
quency of greater than 3x10"^. In addit ion,  in every transformant of 
strain 51A76, USDA 31,  or 110 examined, the introduced plasmid DNA was 
found to be integrated into the bacterial  genome. R-plasmids are known to 
integrate at  low frequencies into the genome of host  bacteria (Cohen and 
Chang, 1973; Crisona,  et  al . ,  1980; Holsters,  et  al . ,  1978; Klapwijk» et  
al . ,  1975),  including tr ifoli i  (Scott  and Ronson, 1982);  however,  
usually R-plasmids reside separately from the bacterial  genome. There 
have been no previously reported cases of Ti plasmid integration.  The low 
frequencies of transformation encountered in these studies can be account­
ed for if  the frequency of integration is  similar to that  which occurs in 
other bacterial  species ( in the case of R-plasmids or Tn elements,  10"^ 
or 10"^) and the only transformants isolated are those in which integra­
tion has occurred.  This conclusion would imply that  the introduced R-
plasmid or Ti-plasmid DNA could not be replicated in nonintegrated form 
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in the japonicum 61A76, USDA 31,  or 110 transformant strains.  
There are several  mechanisms, known from studies with other bacterial  
species,  which may account for the inabil i ty of the introduced plasmid DNA 
to replicate as free plasmid in the R. japonicum transformant strains.  I t  
is  known that  some small  plasmids (s3 Mdal) are lost  as a consequence of 
protoplast  formation and regeneration in Bacil lus,  Staphylococcus,  and 
Salmonella species (Kawakami and Landman, 1966; Novick, et  al . ,  1980).  
However,  not al l  plasmids capable of replication in these bacteria are 
susceptible to curing by protoplast  formation. The curing of plasmids in 
protoplasts is  apparently not due to the inabil i ty of plasmid DNA to 
replicate in protoplasts,  or to an al teration in the mesosome attachment 
s i te (Novick, et  al . ,  1980).  Instead, the loss of plasmid DNA in proto­
plasts seems to be due to a disruption in the division-parti t ion process 
during several  protoplast  divisions which occur prior to the complete 
regeneration of the cell  wall .  According to this theory,  during the pre-
wall  divisions there is  frequent segregation of the plasmids from the 
nucleoid so that  the plasmids often end up in chromosome-less vesicles 
while the viable,  chromosome containing cells  often end up without 
plasmids.  The noncurable plasmids are assumed to be parti t ioned by a dif­
ferent mechanism than that  used by the curable plasmids.  For example,  the 
curable plasmids may be associated with the cell  envelope at  some distance 
from the chromosome attachment s i te.  On the other hand, the noncurable 
plasmids may be associated with,  and therefore,  preferentially segregated 
with,  the chromosomal DNA. If  in R^. . japonicum certain plasmids ( i .e.  
RPl,  pBR322, Ti)  are subject  to this form of curing in regenerating 
spheroplasts,  then only integrated plasmid DNA which segregated along 
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with the chromosome would be maintained in the cell  population.  The non-
integrated plasmid DNA would be lost  due to unequal segregation during 
the regeneration of spheroplasts into intact  cells .  According to this 
theory,  the large endogenous plasmids of R. japonicum would be of the 
noncurable type.  I t  is  worth noting that  R. japonicum strains containing 
integrated R-plasmid DNA have been isolated following conjugation with 
£.  coli  or P.  aeruginosa donors (A. G. Atherly,  personal communication).  
This would suggest  that  integration is  not a result  of the spheroplast  
transformation procedure alone.  
Another possible reason for plasmid integration is  that  there may be 
a maximum amount of extrachromosomal DNA that  can be supported in 
japonicum cells .  Ruby and Novick (1975) found that  there was a cellular 
maximum of 600 Mdal of extrachromosomal DNA which could be supported in 
cells  of aureus.  There were two classes of plasmids which were found 
to behave differently with regard to this "DNA space";  one class which 
would expand to f i l l  the available space regardless of how many different 
plasmids were present,  and another class which was restricted to a constant 
multiplicity at  a DNA level well  below the cellular maximum. I t  is  diffi­
cult  to apply this theory to R, . japonicum at  this t ime because i t  is  not 
known how much plasmid DNA is  present in the organism. However,  i f  there 
are present >400 Mdal megaplasmids in japonicum cells ,  in addition to 
the 150-200 Mdal plasmids known to be present in most s trains,  then there 
would be a plasmid content close to the aereus maximum of 600 Mdal.  If  
this were the case,  then the newly introduced plasmid DNA would cause the 
level of extrachromosomal DNA to exceed the maximum amount capable of 
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being maintained in the R. japonicum cells .  According to this theory,  
the integration or loss of introduced foreign plasmid DNA would be a 
mechanism whereby the japonicum cells  could maintain the new plasmid 
and not exceed the cells  capacity of extrachromosomal DNA. However,  this 
mechanism would not account for the addition of 40 Mdal of chromosomally-
derived DNA to the 165 Mdal endogenous plasmid in the 61A76 and USDA 31 
RPl transformants,  or the new 145 Mdal plasmid present in the 61A76 (Ti)  
transformants.  In addit ion,  A. G. Atherly (personal communication) re­
cently found unintegrated R68.45 plasmid DNA in japonicum strain 110 
coexisting with the endogenous 180 Mdal plasmid of this strain.  
The f i l ial  mechanism which could be proposed to account for the 
obligatory integration of the newly introduced plasmid DNA in the 
japonicum transformant strains is  plasmid incompatibil i ty.  Incompati­
bil i ty is  defined as the inabil i ty of two or more plasmids to stably co­
exist  in the same cell  (Novick and Hoppinsteadt,  1978).  Incompatibil i ty 
is  a characterist ic of al l  known plasmids,  and is  a manifestation of 
plasmid relatedness;  homogenic plasmids are incompatible,  heterogenic 
plasmids usually are compatible.  I t  was proposed by Jacob, et  al .  (1953) 
that  plasmid incompatibil i ty involved a competit ion for replication-
specific membrane attachment si tes required for plasmid replication.  
According to this model,  compatible plasmids would interact  with different 
membrane at tachment si tes so as not to interfere with each other,  while 
incompatible plasmids would compete for the same attachment s i te.  In­
compatibil i ty as presently understood is  much more complex than Jacob's 
model proposes.  Mol in and Nordstrom (1980) recently found that  plasmid 
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incompatibil i ty functions could be located to a single gene in several  
coli  plasmids.  This gene was also involved in copy number control  and 
replication switch-off functions.  I t  is  now known that  several  plasmid 
genetic systems are involved in incompatibil i ty,  including recognition 
specificity for replication origins,  copy number control  systems, and 
recognition specificity of parti t ion systems (Molin and Nordstein,  1980; 
Novick and Hoppensteadt,  1978).  Considering the difficult ies encountered 
in trying to introduce foreign plasmid DNA into R^. japonicum by any means,  
i t  is  very l ikely that  incompatibil i ty-l ike functions are present which 
act  to exclude the newly introduced plasmid DNA. If  there is  a very t ight 
control  of plasmid copy number or the parti t ioning of plasmid DNA during 
cell  division,  or a very specific recognition of plasmid replication 
origin in R. japonicum, then i t  would be very difficult  for foreign plas­
mids to compete with the large resident plasmids.  By integration into 
the IR. japonicum genome, the foreign plasmid DNA would not be subject  to 
exclusion by incompatibil i ty functions.  I t  is  worth noting,  however,  that  
preliminary studies in our laboratory with several  R-plasmids such as 
R68.45, RP4, and R772 suggest  that  they do not always integrate into R. 
japonicum. The recovery of R-plasmid containing strains of jcponicu^ 
following conjugation with E. coli  or 2- aeruginosa donors was s t i l l  very 
low (10~^ to 10"^) whether or not integration had occurred.  I t  is  pos­
sible that  R-plasmids are occasionally capable of overcoming incompati­
bil i ty and, therefore,  may exist  as free plasmid DNA in japonicum. I  
consider incompatibil i ty functions to be the most probable cause of the 
very low frequencies encountered when foreign plasmid DNA is  introduced 
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into R. japonicum. 
The discovery of genome rearrangements such as those described here 
is  not without precedent in R^. japonicum. Recent evidence has sug­
gested that  the genome of R. japonicum is  unstable and that  recombina­
t ional events between plasmid and chromosomal DNA may be frequent occur­
rences.  The rearrangements observed in the RPl and Ti plasmid trans­
formants of strains 61A76 and USDA 31 were not observed in cells  regener­
ated from spheroplasts which had not been transformed with plasmid DNA. 
Therefore,  i t  is  l ikely that  the rearrangements were a result  of the 
introduction of foreign plasmid DNA into japonicum, and not a result  
of the transformation procedure itself. In each 61A76 and USDA 31 RPl 
transformant strain examined there was an increase in the size of the 
resident 165 Mdal plasmid to approximatley 210 Mdal.  BamHI restriction 
digest  of plasmid DNA from the RPl transformant strains revealed fragments 
which hybridized to total  strain 61A76 DNA but not to 61A76 plasmid DNA, 
indicating that  a segment of chromosomal DNA had become incorporated into 
the resident R. japonicum plasmid. The same pattern of BamHI restriction 
fragments of plasmid DNA was observed in the RPl transformants of both 
strains 61A76 and USDA 31,  indicating that  the same rearrangement had 
occurred in each of these strains.  This is  not too surprising in view of 
the evidence presented in Section V that  these two strains are genetically 
identical .  The BamHI digest  of plasmid DNA from the 61A75 (Ti) trans­
formant strains showed several  fragments in common with the plasmid from 
RPl transformant strains.  The common fragments hybridized to a 61A76 
total  DNA probe but not to 61A76 plasmid DNA, indicating that  they were 
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of chromosomal origin.  I t  is  l ikely that  the same segment of chromosomal 
DNA was involved in the formation of new plasmid DNA in al l  of the 61A76 
and USDA 31 transformant strains.  Possibly,  the segment of chromosomal 
DNA which was involved in the rearrangements is  analogous to transposi­
t ional elements in other bacterial  species.  A transposon-like element 
capable of movement between chromosomal and plasmid DNA would account for 
much of the genomic variabil i ty observed within and between strains of 
japonicum. 
There were many difficult ies encountered during the course of this 
investigation which s t i l l  must be overcome before an understanding of the 
genetics of R. japonicum can be reached. A rel iable method for obtaining 
mutants suitable for genetic markers is  essential  to further studies in 
R. japonicum genetics.  In addition,  a system of gene transfer producing 
frequencies of exchange high enough to be used for genomic mapping is  re­
quired.  The spheroplast  transformation developed here did not result  in 
very high frequencies of transformation; however,  i t  is  not yet  known i f  
i t  is  possible to achieve high frequencies of genetic exchange in 
japonicum. The transformation of R. japonicum spheroplasts by plasmid DNA 
should be especially useful for the introduction of potential  cloning 
vectors ( i .e. ,  nonconjugative plasmids) into R. japonicum. I t  may also 
prove useful as a means of transformation by chromosomal DNA segments for 
use in genetic mapping studies,  once enough genetic markers are found. 
While the experiments presented in this dissertation represent an init ial  
investigation into the genetics of japonicum, the results show that  
some foreign plasmid DNA can be introduced and stabil i ty maintained in 
this bacterium. 
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